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FOREWORD 


This  final  technical  report  covers  all  work  performed  under 
Contract  F33615-75-C-5173  entitled  "Verification  of  Production 
Hole  Quality".  This  project  was  accomplished  under  the 
technical  direction  of  W.A.  Harris  of  the  Metals  Branch 
(LTM) ,  Manufacturing  Technology  Division,  Air  Force  Materials 
Laboratory,  Wright-Patterson  Air  Force  Base,  Ohio.  The 
effort  was  performed  during  the  period  1  August  1975  through 
31  July  1977  and  was  released  by  the  authors  in  September 
1977.  The  effort  dealt  with  the  quality  requirements  for  an 
interference  fit  tapered  fastener  system,  and  was  oriented 
toward  a  specific  application  within  the  C-5A  aircraft 
program.  The  material  and  fastener  design  selected  were 
chosen  because  that  combination  was  one  considered  for 
extensive  use  in  future  wing  structure  developments  of  the 
C-5A  aircraft. 

The  subject  contract  was  placed  with  Metcut  Research  Associates 
Inc.  of  Cincinnati,  Ohio.  Metcut  chose  as  its  principal 
subcontractor  the  Lockheed-Georgia  Company  of  Marietta, 

Georgia.  Metcut  provided  the  overall  technical  direction  of 
the  program  as  well  as  the  facilities  for  manufacturing  all 
test  specimens  and  performing  all  of  the  fatigue  tests 
reported  herein.  The  LockheedHSeorgia  Company  provided 
engineering  direction  and'Stipport  for  the  analysis  of  the 
data  which  resulted  from  the  effort. 

At  Metcut,  the  program  was  under  the  supervision  of  Dr. 

William  P.  Koster.  John  B.  Kohls,  Dr.  John  T.  Cammett  and 
L.R.  Gatto  also  contributed  to  the  effort.  Activities  at 
the  Lockheed-Georgia  Company  were  managed  by  C.G.  Trevillion 
and  supported  by  H.S.  Gibson,  B.L.  Cornell  and  P.G.  Dodd  who 
performed  much  of  the  detailed  numerical  analysis. 

This  program  was  a  continuation  of  the  effort  in  the  surface 
integrity/surface  quality  area  which  has  been  supported  by 
the  Air  Force  Materials  Laboratory  for  the  past  eight  years 
to  provide  information  which  will  lead  to  the  cost  effective 
manufacturing  of  aerospace  hardware  by  the  American  industrial 
sector. 

The  final  technical  report  on  this  contract  is  being  prepared 
in  two  volumes.  Volume  I  is  the  final  summary  report  on  all 
work  performed  including  the  necessary  tables  to  document 
the  procedures  and  the  results  obtained.  Volume  II  contains 
the  complete  inspection  reports  on  all  specimens  manufactured 
under  this  contract. 
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SECTION  I 


INTRODUCTION 

Techniques  used  for  joining  have  always  held  a  key  role  in 
the  design  and  fabrication  of  aircraft  structures.  Whenever 
holes  are  placed  in  components  for  the  purpose  of  joining 
them  together  with  bolts  or  similar  mechanical  fasteners, 
the  stress  concentration  resulting  from  these  holes  signifi¬ 
cantly  reduces  the  dynamic  load  which  the  components  can 
safely  carry.  It  is  sometimes  possible  to  reduce  the 
importance  of  these  stress  concentrations  by  locating  the 
holes  in  areas  which  are  not  critically  stressed.  But  as  a 
practical  matter,  the  requirements  for  fasteners  are  so 
numerous  and  their  placement  in  most  structures  so  wide¬ 
spread  that  means  must  be  used  to  mitigate  the  fatigue 
strength  degradation  due  to  holes  and  the  related  stress 
concentration.  Accordingly,  many  varieties  of  "fatigue 
enhancement"  fasteners  have  been  developed.  Some  of  these 
involve  prestressing  the  bolt  region  in  compression  or 
strengthening  this  area  by  cold  working  so  that  tensile 
cyclic  loads  can  better  be  resisted.  Interference  fit 
fasteners,  on  the  other  hand,  are  designed  to  preload  the 
region  around  the  hole  in  such  a  way  that  the  range  of 
cyclic  stress  to  which  the  metal  is  subjected  will  be  reduced. 

Experience  has  shown  that  the  performance  of  interference 
fit  tapered  fasteners  is  highly  dependent  upon  the  prepara¬ 
tion  of  the  holes  into  which  they  are  placed.  If  the  quality 
of  the  hole  resulting  from  a  production  situation  is  in  some 
way  inadequate,  the  resulting  structure  may  suffer  a  degra¬ 
dation  in  fatigue  strength  as  exhibited  by  shortened  operating 
life.  Therefore,  adequate  controls  must  be  exercised  to 
assure  the  hole  quality  demanded  by  the  fastener  system  to 
achieve  optimum  fatigue  strength.  On  the  other  hand,  it  is 
conceivable  that  certain  features  of  hole  quality  such  as 
finish,  roundness,  straightness,  etc.,  could  be  overspeci¬ 
fied  for  a  particular  fastener  system.  In  this  instance  the 
cost  necessary  to  produce  the  structure  would  be  unneces¬ 
sarily  high  and  the  development  of  suitable  engineering  data 
could  lead  to  intelligent  cost  reduction. 

The  purpose  of  the  subject  program  was  to  determine  the 
relative  importance  of  each  of  several  variations  in  hole 
quality  with  respect  to  the  performance  of  interference  fit 
fasteners.  To  make  this  program  jirectly  meaningful,  to 
current  Air  Force  systems,  Metcut  chose  to  work  witli  the 
Lockheed-Georgia  Company,  as  a  subcontractor  and  to  use  a 
material/fastener  system  of  current  importance.  This 
decision  resulted  in  the  selection  of  Al  7175-T73511  extrusions 
in  the  form  of  integrally  stiffened  panels  and  fastened  with 
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a  nominally  5/ 16  in.  diameter  Taper-Lok  fastener.  This 
particular  combination  of  material/fastener  represents  over 
80%  of  the  fasteners  projected  for  use  by  Lockheed-Georgia 
in  providing  the  new  center  and  inner  wing  structures  for 
the  C-5A  aircraft.  Using  technology  developed  under  this 
contract,  specimens  were  also  fabricated  and  tested  for  an 
ongoing  AGARD  program. 

The  effort  undertaken  was  intended  to  identify  those  variables 
in  hole  quality  which  are  significant  in  terms  of  structural 
life  and  also  to  identify  those  which  are  not.  Auxilliary 
effort  was  devoted  to  the  evaluation  of  a  tapered  blade 
cutter  for  producing  the  required  fastener  holes.  This 
cutter  was  advanced  as  an  alternative  to  separate  drilling 
and  reaming  operations.  The  information  gathered  during  the 
course  of  the  program  should  be  helpful  in  establishing 
fabrication  procedures  which  will  permit  the  production  of 
fastened  assemblies  having  maximum  reliability  but  without 
the  expenditure  of  unnecessary  cost.  While  this  effort  would 
directly  support  a  possible  forthcoming  activity  at  the 
Lockheed-Georgia  Company,  the  information  produced  is  judged 
to  also  be  of  value  to  other  aerospace  firms  which  are 
employing  interference  fit  fastener  systems. 
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SECTION  II 


OBJECT  OF  PROGRAM 


The  object  of  this  program  was  to  develop  hole  quality 
criteria  and  related  data  which  will  facilitate  the  adoption 
of  cost  effective  specifications  for  the  fabrication  of  high 
strength  assemblies  using  interference  fit  fasteners.  Four 
specific  objectives  of  the  program  were: 


(1)  To  establish  quantitative  hole  quality  data  for  an 
extruded  aluminum  alloy. 


(2)  To  identify  the  ranking  or  order  of  hole  quality 
characteristics  as  a  function  of  the  effect  on 
fastener  life  of  fatigue  critical  interference  fit 
fastener  systems  and  joints. 


(3)  To  evaluate  the  performance  of  a  tapered  blade 
cutter  in  producing  tapered  holes  suitable  for 
fastener  installation  in  a  single  operation. 


(4)  To  develop,  fabricate  and  test  specimens  for  an 

ongoing  AGARD  program  (a  technical  summary  of  this 
work  is  contained  in  the  Appendix  of  this  report. 
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SECTION  III 


SCOPE  OF  PROGRAM 


1.  Program  Constants 
Material: 


Aluminum  alloy  7175-T73511  in  the  extrusion  form, 
conforming  to  the  applicable  GELAC  (Lockheed-Georgia 
Company)  specification 

Material  Thickness: 


5/16  in.  as  tested,  with  minimum  of  .050  in.  material 
removal  from  the  as-extruded  surface 

Material  Surface  Treatment: 


Shot  peened  per  STP51-501,  Revision  G* 
Anodize  per  STP58-208,  Revision  E* 
Coating  per  STP59-505,  Revision  C* 

Fastener; 


Alloy  Steel  (8740)  Taper-Lok,  5/16  in.  diameter,  100® 
countersink  flush  head  in  a  5/8  in.  fastened  assembly. 
Fastener  to  be  wet  installed  with  sealant  per  STP56- 
107.  Revision  F.* 

Evaluation  -  Destructive: 


Fatigue  testing  at  room  temperature,  nominally  900-1800 
cycles/minute,  R  =  0.1  and  -.33.  Metallography  before 
and  after  testing,  residual  stress  profile  determination 
using  x-ray  diffraction. 

Evaluation  -  Nondestructive: 


Surface  roughness,  hole  metrology  and  hole  bearing 
using  both  mechanical  and  capacitance  techniques. 

Correlation  Analysis; 

Determine  fatigue  crack  growth  rate  on  specimens 
containing  artificially  produced  corner  flaws.  Correlate 
crack  growth  behavior  with  discrepant  specimens  to 
determine  equivalent  initial  flaw  size  of  discrepant 
conditions . 


*  STP  XXX  =  Specification  of  the  Lockheed-Georgia  Company 
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2. 


Program  Variables 

Certain  variables  of  hole  quality  were  introduced  into 
the  program  as  indicated  below: 

Mechanical  Variables: 


Hole  size,  perpendicularity,  bellmouthing,  barrelling, 
ovality,  bearing,  and  exit  burr. 

Surface  Integrity  Variables  in  Hole  Quality: 

Roughness,  rifling,  axial  scratches,  chatter  marks, 
plastic  deformation,  tears  and  laps. 

Details  concerning  the  range  and  limiting  values  of  the 
program  variables  are  as  indicated  below: 


Test  Series  1 


Parent  metal  specimens  without  fastener  holes  comparing 
the  as-milled  to  the  milled  plus  shot  peened  condition; 
20  specimens. 

Test  Series  2 


Low-load  transfer  (dogbone/strap)  specimens  comparing 
five  levels  of  interference  fit  fasteners,  five  specimens 
at  each  level.  The  levels  of  diametral  interference 
were  .0005,  .0023,  .0035,  .0048  and  .0060  inches. 

Note:  Test  Series  3  was  eliminated  during  program 
negotiations. 

Test  Series  4 


Open  hole  specimens  having  a  crack  oriented  normal  to 
the  load  line  initiated  in  the  fastener  hole  prior  to 
fatigue  testing;  three  specimens  . 

Test  Series  5 


Zero  load  transfer  (modified  dogbone  with  sectioned 
strap)  specimens.  A  crack  oriented  normal  to  the  load 
line  initiated  in  a  dogbone  fastener  hole  prior  to 
fatigue  testing  and  having  a  fastener  installed  with  a 
neat  fit  (zero  interference) ;  three  specimens  . 
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Test  Series  6 


Low-load  transfer  (dogbone/strap)  specimens  having  a 
crack  oriented  normal  to  the  load  line  initiated  in  the 
fastener  hole  of  the  dogbone.  The  fastener  was  installed 
with  a  neat  fit  (zero  interference);  three  specimens. 

Test  Series  7 


Low-load  transfer  (dogbone/strap)  specimens  evaluating 
a  3®  nonperpendicular  centerline.  This  angle  of 
deviation  was  normal  to  the  load  line.  This  condition 
was  evaluated  at  two  levels  of  interference,  the  first 
being  the  minimum  allowable  interference  per  the 
controlling  specification  and  the  second  level  being 
the  maximum  allowable  interference,  .0023  in.  and 
.0048  inches,  respectively.  Each  level  or  condition 
contained  ten  specimens  each. 

Test  Series  8 


Low-load  transfer  (dogbone/strap)  specimens  -  bell- 
mouthing.  This  condition  was  evaluated  at  two  levels 
of  imterference,  the  minimum  and  maximum  values 
allowable  per  the  controlling  specifications.  Ten 
specimens  each  level. 

Low- load  transfer  (dogbone/strap)  specimens  -  barrelling. 
As  in  bellmouthing,  this  variable  was  evaluated  at  two 
levels  of  interference,  the  minimum  and  maximum  values 
allowable  per  the  controlling  specification.  Ten 
specimens  each  level. 

Test  Series  9 


Open  hole  specimens  -  surface  roughness.  Four  levels 
of  surface  roughness  were  evaluated,  32,  63,  125  and 
250  microinches  AA.  Five  specimens  were  tested  at 
levels  32  and  125  AA.  Eight  specimens  were  tested  at 
level  63  and  ten  specimens  at  level  250  AA.  The 
controlling  specification  identifies  63  microinches  as 
the  maximum  acceptable  level. 

Test  Series  10 


Open  hole  specimens  -  rifling.  Rifling  with  a  spiral 
groove  approximately  .005  in.  to  .007  in.  deep  at  the 
exit  of  the  hole.  Ten  specimens  were  evaluated. 
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Test  Series  11 


Open  hole  specimens  -  scratches.  An  axial  scratch 
approximately  .005  in.  to  .007  in.  deep  was  located  90 
degrees  to  the  load  line;  ten  specimens  were  evaluated. 

Test  Series  12 


Open  hole  specimens  -  chatter.  Chatter  was  visually 
observed  to  maintain  a  constant  level.  Ten  specimens 
were  evaluated. 

Open  hole  specimens  -  tears  and  laps  plus  plastic 
deformation.  This  discrepant  variable  was  evaluated  at 
one  level  of  deformation,  approximately  .002  in.;  ten 
specimens  were  evaluated. 

Note:  Test  Series  13  through  16  were  eliminated  during 
program  negotiations. 

Test  Series  17 


Low- load  transfer  (dogbone/strap)  specimens  -  ovality. 

The  oval  hole  was  oriented  such  that  lack  of  interference 
would  occur  90  degrees  to  the  load  line.  The  amount  of 
ovality  was  between  .005  in.  and  .007  in.;  ten  specimens 
were  evaluated. 

Test  Series  18 


Low-load  transfer  (dogbone/strap)  specimens  -  burrs. 

Four  different  groups  of  five  specimens  each  were 
evaluated.  These  four  levels  were  with  and  without 
burrs  on  the  exit  of  the  hole  at  two  levels  of  interference; 
minimum  and  maximum  specification  limits.  The  average 
burr  height  was  between  .015  in.  and  .020  inches. 

Test  Series  19 


Low-load  transfer  (dogbone/strap)  specimens.  This 
series  was  a  combination  of  various  discrepant  variables 
from  the  earlier  portion  of  the  program.  Constant  in 
this  test  series  was  a  roughness  height  reading  of 
between  100  and  125  microinch  AA.  Four  different 
conditions  were  evaluated:  (1)  surface  roughness  value 
alone;  (2)  surface  roughness  plus  an  axial  scratch; 

(3)  surface  roughness  plus  rifling  and  (4)  surface 
roughness  plus  ovality.  Each  of  these  four  combinations 
was  evaluated  at  both  the  minimum  and  maximum  interference 
specification  value.  There  were  five  specimens  for 
each  condition;  a  total  of  40  specimens  for  this  test 
series. 
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Test  Series  20  and  21 


Low- load  transfer  (reverse  dogbone)  specimens.  This 
was  a  combination  of  variables  similar  to  Test  Series 
19.  Surface  roughness  of  100  to  125  microinch  AA  and  a 
mid-level  (.0035  in.)  of  interference  were  constants. 
Four  combinations  were  evaluated:  (1)  surface  roughness 
by  itself;  (2)  surface  roughness  plus  scratches; 

(3)  surface  roughness  plus  rifling,  and  (4)  surface 
roughness  plus  ovality.  Ten  specimens  were  evaluated 
each  combination,  a  total  of  40  specimens. 

Test  Series  22 


Low-load  transfer  (reverse  dogbone)  specimens.  Surface 
roughness  and  the  mid-level  of  interference  were  constant 
throughout  this  test  series.  Three  combinations  were 
tested:  (1)  surface  roughness  by  itself;  (2)  surface 

roughness  plus  scratch;  and  (3)  surface  roughness  plus 
ovality.  Ten  specimens  per  each  conditon;  a  total  of 
thirty  specimens.  The  difference  between  this  test 
series  and  Series  20/21  was  the  mode  of  testing.  The 
stress  ratio  (R)  for  Test  Series  22  was  -0.33,  indicating 
that  the  minimum  component  of  the  cyclic  load  was 
compressive.  (All  other  tests  were  run  at  R  =  +0.1). 

Test  Series  23 


Low-load  transfer  (reverse  dogbone)  specimens.  These 
specimens  are  to  be  spectrum  tested  at  a  later  date. 

In  manufacturing,  surface  roughness  in  the  range  of 
100-125  AA  and  the  mid-range  of  interference  were  held 
as  constants.  The  four  levels  manufactured  were: 

(1)  surface  roughness  by  itself;  (2)  surface  roughness 
plus  ovality;  (3)  surface  roughness  plus  barrelling; 
and  (4)  surface  roughness  plus  rifling.  Five  specimens 
are  planned  for  each  level;  a  total  of  20  specimens. 
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SECTION  IV 


CONCLUSIONS 


This  program  has  examined  the  effect  of  various  conditions 
and  hole  quality  discrepancies  on  the  fatigue  performance 
capabilities  of  a  tapered  interference  fit  fastener  system. 
The  conditions  evaluated  were  basically  related  to  hole 
quality  levels  which  might  logically  occur  in  a  production 
environment.  In  broad  summary  relative  to  the  practice  of 
producing  holes,  certain  conclusions  have  been  reached  or 
implied  as  a  result  of  the  testing  accomplished  in  this 
program.  These  conclusions  are  based  solely  on  the  test 
results  obtained  within  the  parameters  selected  for  use  in 
this  program.  Specific  applicability  of  these  results  to  the 
C-5A  program,  however,  can  be  determined  only  after  currently 
planned  tests  using  a  spectrum  loading  regime  are  completed 
and  evaluated  by  cognizant  structures  engineering. 


1.  General  Conclusions 


The  broad  conclusions  may  be  drawn  that  a  surface 
roughness  of  125  AA  or  better  is  similar  in  behavior 
insofar  as  fatigue  is  concerned;  that  burrs  at  the  nut 
side  exit  of  the  hole  do  not  have  detrimental  effects 
on  joint  fatigue  life;  that  lack  of  hole  axis  perpen¬ 
dicularity  within  3®  of  normal  to  the  load  path  is  of 
no  concern  to  joint  fatigue  life;  that  hole  ovality  is 
of  serious  concern  and  is  detrimental  to  joint  fatigue 
strength;  that  bellmouthing  and  barrelling  are  of 
concern,  but  to  a  lesser  extent  than  ovality;  and  that 
there  is  a  limiting  size  or  extent  at  vhich  scratches, 
rifling,  chatter,  plastic  deformation,  tears  and  laps, 
etc. ,  may  not  be  of  serious  detriment  to  joint  fatigue 
life. 

A  tabular  summary  of  these  findings  along  with  an 
indication  of  their  impact  on  current  manufacturing 
specifications  at  the  Lockheed-Georgia  Company  is 
tabulated  on  the  following  page: 
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Detrimental  Effect 


Condition 

None 

Moderate 

Severe 

Spec 

.  Change 

Surface  Finish 

125  AA  or  better 

125-250  AA 

X 

X 

Revised  63  AA 
to  125  AA 

Interference 
.0023-. 0048 

X 

No  Change 

Exit  Burrs 

X 

N/C, 

Not 

Removal 

Required 

Perpendicularity 

X 

N/C,  Remaining 
Within  2* 

Bellmouthing,  Barrelling 
Ovality  (.006") 

t 

X 

N/C, 

None  Allowed 

Axial  Scratches  (.006") 
Open  Hole 

Joint 

X 

X 

N/C, 

N/C, 

None  Allowed 
None  Allowed 

Rifling  (.006") 

Open  Hole 

Joint 

X 

X 

N/C, 

N/C, 

None  Allowed 
None  Allowed 

Chatter,  Etc. 

X 

N/C, 

None  Allowed 

The  ranking  order  of  hole  quality  characteristics  as 
determined  by  effect  on  fatigue  life  of  fastened  joii  ts 
is  summarized  below.  The  ranking  is  based  on  an  alpha  beta 
analysis  for  three  different  levels  of  survival  probability 
and  confidence;  the  most  detrimental  effect  is  at  the 
top  of  each  column: 


(50,50)* 

Barrelling 

Ovality 

Bellmouthing 

Scratches 

Rifling 

Perpendicularity 


(99,50) 

Ovality 

Bellmouthing 

Barrelling 

Scratches 

Rifling 

Perpendicularity 
Confidence) 


(99,95) 

Bellmouthing 

Ovality 

Scratches 

Barrelling 

Rifling 

Perpendicularity 


(Survival  Probability, 
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2. 


Detailed  Conclusions 


Interference :  Joint  fatigue  life  performance  is  roughly 

equivalent  from  minimum  specification  interference  to 
maximum  specification  interference  where  holes  have  no 
discrepancies.  This  conclusion  is  based  on  performance 
of  all  applicable  test  series.  However,  test  data 
indicates  that  low  interference  installations  are  prone 
to  a  higher  eunount  of  scatter  than  high  interference 
installations. 

Perpend: cularity ;  Test  results  indicate  that  there  are 
no  reduc;tions  in  joint  fatigue  life  for  up  to  3“  mis¬ 
alignment  from  the  centerline  of  the  hole  relative  to 
perpendicularity  with  the  joint  sheet  surface  when  the 
plane  of  angle  is  normal  to  the  loading  direction.  In 
view  of  the  nature  of  the  effects  of  misalignment 
coincident  with  the  direction  of  loading,  a  more 
involved  test  would  be  required  to  determine  the  effects 
of  joint  fatigue  life  of  transferring  load  pickup  from 
one  fastener  to  another  because  of  various  degrees  of 
misalignment.  No  testing  was  included  in  this  area  and 
therefore  the  conclusions  on  the  direction  normal  to 
loading  cannot  be  expanded  to  include  misalignment 
coincident  to  loading. 

Bellmouthing;  Testing  indicates  that  bellmouthing  has 
a  serious  detrimental  effect  on  joint  fatigue  life  at 
the  minimum  specified  interference.  At  maximxun  specified 
interference,  however,  the  detrimental  effect  is  much 
smaller. 

Barrelling;  Testing  indicates  that  barrelling  has  a 
serious  detrimental  effect  on  joint  fatigue  life. 

Ovality;  Ovality  has  a  highly  detrimental  effect  on 
joint  fatigue  life;  it  is  more  serious  than  any  other 
single  condition  evaluated. 

Exit  Burr;  Due  to  the  absence  of  failures  associated 
with  exit  burrs,  i.e.,  burrs  at  the  nut  side  of  the 
hole,  a  conclusion  is  drawn  that  the  presence  of  hole 
exit  burrs  has  no  detrimental  effect  on  joint  fatigue 
life.  Burrs  at  the  faying  surface,  however,  were  not 
evaluated. 

Surface  toughness ;  Failure  modes  of  specimens  with  a 
hole  surface  roughness  of  125  AA  and  lower  were  dis¬ 
associated  with  surface  roughness.  Failures  of  250  AA 
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specimens  were  directly  related  to  the  hole  surface 
roughness.  Therefore,  the  conclusion  is  drawn  that  a 
125  AA  or  lower  roughness  yields  similar  results  for 
the  tapered  fastener,  but  a  finish  rougher  than  125  AA 
must  be  avoided. 

Rifling;  Testing  indicated  that  rifling  has  a  seriously 
detrimental  effect  cn  fatigue  life  of  optjn  holes. 
Specimens  with  fasteners  installed,  however,  indicate 
that  rifling  of  the  magnitude  tested  had  no  effect. 

The  magnitude  of  rifling  was  similar  for  open  hole  and 
installed  fastener  testing.  Apparently  the  interference 
of  the  pin  reduces  the  detrimental  effects  of  rifling 
of  the  magnitude  used.  Further  testing  could  identify 
the  magnitude  of  rifling  which  would  be  detrimental 
even  with  fastener  interference.  The  current  conclusion 
must  be  that  rifling  may  have  a  detrimental  effect. 

Axial  Scratches:  Again  open  hole  testing  indicated 
that  axial  scratches  are  seriously  detrimental.  With 
fasteners  installed,  scratches  had  a  detrimental  effect 
of  low  magnitude  though  a  slightly  greater  effect  than 
rifling.  Further  testing  would  establish  at  what 
magnitude  or  depth  the  scratch  would  be  seriously 
detrimental.  The  current  conclusion  must  be  that  any 
scratches  in  an  axial  direction  may  have  a  detrimental 
effect  on  joint  fatigue  life. 

Chatter,  Plastic  Deformation,  Tears  and  Laps;  Open 
hole  testing  indicated  relatively  low  detrimental 
effect  of  these  conditions  of  the  magnitude  tested  on 
fatigue  life.  These  data  suggest  that  these  conditions 
must  be  considered  detrimental  to  fatigue  life. 

Crack  Growth  Tests;  Neat  fit  tests  were  run  on  open 
hole,  zero  load  transfer  and  low-load  transfer  specimens. 
All  load  transfer  specimens  had  fasteners  installed  to 
a  neat  fit.  Incremental  crack  measurements  were  made 
for  the  open  hole  specimens  only.  The  shape  of  the 
growth  curves  obtained  are  similar  to  the  analytical 
curves.  In  all  cases,  the  cycles  to  failure  were 
greater  than  predicted  by  analysis,  the  ratio  varying 
from  1.24  to  2.90  with  an  average  of  1.80.  In  general, 
the  cycles  to  failure  show  considerable  scatter  with 
longer  initial  crack  lengths  providing  longer  lives 
than  shorter  initial  crack  lengths  in  some  cases. 
Therefore,  no  realistic  conclusions  can  be  drawn. 
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Relaxation  of  Hole  Quality  Specifications 


This  effort  has  identified  the  potential  for  relaxing 
certain  hole  quality  specifications.  For  example,  it 
appears  from  the  data  developed  that  hole  surface 
roughness  as  great  as  125  AA  is  as  satisfactory 
for  fastener  performance  as  holes  having  a  roughness  of 
63  AA  or  bettor  and  therefore,  specifications  requiring 
63  AA  could  bo  relaxed  to  125  AA.  Some  of  the  other 
factors  indicate  a  possibility  of  relaxing;  rifling, 
for  example.  However,  additional  testing  will  bo 
necessary  to  quantify  or  further  refine  the  acceptable 
extent  of  these  conditions  prior  to  effecting  reductions 
in  requirements. 

Significance  to  the  Aerospace  Industry 

This  program  has  served  to  characterize  and  quantify 
the  effects  of  several  hole  quality  variables  as  they 
relate  to  the  fatigue  performance  of  a  tapered  inter¬ 
ference  fit  fastener  system.  Prior  to  the  execution  of 
this  program,  the  effects  of  many  of  those  hole  quality 
variables  wore  subject  to  conjecture,  but  without 
supporting  data.  The  program  has,  in  summary,  served 
to  identify  possible  areas  for  cost  reduction  which 
will  provide  maximum  quality/performancc  available  at 
the  minimum  necessary  manufacturing  costs. 

Taper  Blade  Cutter  Conclusion 

The  5/16  in.  taper  blade  cutter  produced  holes  which 
would  bo  unacceptable  in  a  production  environment 
because  of  excessive  chatter.  This  judgement  is  based 
on  visual  appearance  only;  no  evaluation  was  made  by 
fatigue  testing.  The  holes  wore,  however,  of  good 
metallurgical  quality  in  that  the  surfaces  were  free  of 
tears,  laps  and  plastic  deformation. 


13 


SECTION  V 
RECOMMENDATIONS 


Based  on  the  data  observed  and  the  general  outcome  of  this 
program,  additional  effort  in  the  hole  quality  area 
is  suggested  in  order  to  provide  a  significant  addition  to 
the  technology  available  in  this  manufacturing  area. 

1.  Supplemental  Work 

In  order  to  enhance  the  value  of  the  data  developed  in 
this  program,  certain  additional  testing  using  the  same 
material/fastener  system  is  recommended  as  follows: 

a.  Complete  the  spectrum  loading  fatigue  tests  on 
reverse  dogbone  specimens  containing  controlled 
quality  levels  which  were  manufactured  as  Test 
Series  23  under  this  program. 

b.  Run  additional  tests  evaluating  the  effect  of 
surface  roughness,  by  covering  the  range  of  32  to 
500  AA.  This  effort,  using  the  dogbone/strap 
specimens  is  suggested  to  clarify  anomalies 
present  in  the  existing  data  and  also  to  provide 
more  complete  definition  of  fastener  behavior  as 
effected  by  roughness. 

c.  Explore  greater  depths  of  scratching  and  rifling 
in  order  to  better  define  the  maximum  level  of 
these  discrepancies  which  can  be  tolerated  by  this 
fastener  system. 

d.  Repeat  crack  growth  tests  using  the  fastener 
installed  at  both  minimum  and  maximum  specification 
interference  levels.  This  information  would 
supplement  that  now  available  in  identifying  the 
true  capabilities  of  the  Taper-Lok  fastener  with 
respect  to  crack  retardation. 

2 .  Other  Fastener  Systems 

A  program  similar  to  the  one  described  in  this  report 
but  using  straight  shank  fatigue  enhancement  fit  fasteners 
would  serve  to  characterize  the  effects  of  various  hole 
quality  variables  on  the  performance  of  this  type  of 
fastener  system. 

3.  Other  Structural  Materials 


Preliminary  programs  evaluating  the  effect  of  hole 
quality  variables  in  structural  materials  other  than 
aluminum  should  be  considered.  Specifically,  evaluation 
of  both  titanium  and  high  strength  steel  as  structural 
alloys  should  be  considered. 
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SECTION  VI 


PROCEDURES 


1.  Test  Material  Documentation 


This  progreun  used  aluminum  alloy  7175-T73511  for  all 
test  specimens.  This  alloy  is  a  modification  of  7075 
in  which  the  chemistry  is  closely  controlled.  The  T- 
73511  condition  designates  an  extruded  material  which 
has  been  stretched  and  overaged.  This  processing/heat 
treatment  procedure  resulted  in  a  high  level  of  stress 
corrosion  resistance  and  fracture  toughness  of  the 
alloy  but  with  some  loss  in  strength  when  compared  to 
maximum  strength  levels  available. 

The  material  was  ordered  as  30.5  in.  long  sections  of 
an  extruded  solid  shape  per  Lockheed-Georgia  Company 
Drawing  No.  900102  as  sketched  in  Figure  1.  This 
extruded  shape  is  a  nonproduction  configuration  which 
simulates  a  number  of  C-5A  wing  panel  configurations. 
Such  panels  are  typically  extruded  in  lengths  of  42 
feet  or  greater.  This  material  was  ordered  from  Alcoa 
and  produced  at  their  extrusion  plant  in  Lafayette, 
Indiana.  All  material  was  ultrasonically  inspected  per 
MIL-I-8950B,  Class  A. 

Chemistry 

The  chemical  composition  of  this  alloy  is  given  below 
in  comparison  to  the  applicable  Lockheed-Georgia 
Company  specification. 


Specification  Metcut  Analysis 
Max.  Min. 


Si 

.15 

.14 

Fe 

.2 

<.02 

Cu 

.2 

1.2 

1.52 

Ma 

.1 

<.02 

Mg 

2.9 

2.1 

2.29 

Cr 

.3 

.18 

.2 

Zn 

6.1 

5.1 

5.13 

Ti 

.1 

.025 

Others 

.05  ea. 

<.01 

.15  total 
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300X 


Plate:  20663 


STRUCTURE  OF  TEST  MATERIAL  AL  7175-T73511 


Mechanical  Properties 


Mechanical  properties  of  the  material  supplied  were 
also  verified  in  relation  to  the  requirements  of  the 
preliminary  Lockheed-Georgia  Company  specification. 
All  specimens  were  made  in  the  longitudinal  direction 
from  the  panel  extrusions. 


Tensile  tests  were  performed  using  specimens  having  a 
gage  length  of  2  in.  and  a  diameter  of  .505  in.  All 
tests  were  conducted  at  room  temperature.  A  summary  of 
the  tensile  properties  obtained  in  comparison  with 
specification  values  is  shown  on  the  following  pages. 
All  of  the  test  data  are  summarized  in  Table  1. 


K** 

SrH 

U.T.S.  .2%  Y.S.  Elong.  R.A. 


Location 

Orientation 

(ksi) 

(ksi) 

(%) 

(% 

Near  Ribs 

Longitudinal 

74.5 

64.2 

12.9 

39 

Transverse 

72.4 

61.4 

10.7 

26 

Flat  Side 

Longitudinal 

75.8 

65.3 

12.7 

42 

Transverse 

74.6 

64.2 

11.8 

33 

Preliminary 

Longitudinal 

69.0 

59.0 

9.0 

— 

Specification 

Minimums 

Transverse 

63.0 

52.0 

4.0 

Fatigue  Strength 

Fatigue  testing  of  the  parent  metal  was  done  to  obtain 
the  basic  properties  of  the  material  and  was  performed 
on  unnotched  specimens  in  the  tension-tension  mode  at 
R  »  0.1  and  at  testing  speeds  ranging  from  900  to  1800 
cycles  per  minute.  Perhaps  it  should  be  noted  here  that 
the  R  value  used  in  setting  up  fatigue  tests  is  the 
ratio  of  the  minimum  to  the  maximum  stress.  At  an  R 
value  of  0.1,  for  example,  and  for  a  test  whose  maximum 
stress  is  reported  as  35,000  psi,  the  minimum  stress 
would  be  3500  psi.  Similarly,  at  an  R  value  of  -0.33, 
the  minimum  stress  would  be  11,500  psi  in  compression. 

Tests  were  performed  in  closed  loop,  servo-controlled 
hydraulic  test  equipment  and  in  this  particular  case, 
the  force  was  cycled  between  the  minimum  and  maximum 
values  prescribed  for  each  test  using  a  sinusoidal  wave 
form. 

Testing  for  material  documentation  was  confined  to  Test 
Series  1  (Table  2)  which  covers  the  evaluation  of  the 
basic  material  in  both  the  as-face  milled  condition  and 
also  in  the  milled  plus  shot  peened  condition. 

A  plot  of  the  data  developed  is  shown  in  Figure  3.  Note 
that  the  endurance  limit  associated  with  both  of  these 
surface  finishing  conditions  is  somewhat  different,  as 
would  be  expected  from  surface  integrity  considerations. 

In  the  as-milled  condition,  using  the  particular  conditions 
chosen  for  these  specimens  (Table  3) ,  endurance  limit 
is  estimated  to  be  about  25,000  psi  at  10^  cycles.  As 
may  also  be  seen  in  Figure  3,  the  fatigue  strength  at 
10'  cycles  for  the  shot  peened  surface,  which  surface 
condition  was  used  for  the  balance  of  the  program,  is 
about  35,000  psi.  (The  peening  conditions  are  noted  in 
Section  VI. 2. b) .  All  of  the  fatigue  data  shown  in 
Figure  3  have  been  corrected  for  stress  concentration 
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FATIGUE  BEHAVIOR  OF  7175-T73511  ALUMINUM  ALLOY 


FIGURE  3  -  FATIGUE  STRENGTH  OF  TEST  MATERIAL 


effects  in  the  samples  and  normalized  to  the  =  1 
condition.  By  strain  gage  measurement,  the  surface 
stress  at  the  gage  length/fillet  intersection  was 
determined  to  be  10%  higher  than  the  normal  test 
stress.  This  correction  was  applied  to  those  tests  in 
which  failure  initiated  at  this  location.  A  complete 
summary  of  this  fatigue  data  is  contained  in  Table  2. 

2 .  Specimen  Manufacture  and  Assembly 
a.  Test  Specimens 

Several  different  fatigue  test  specimens  were  used 
during  the  course  of  this  program.  These  are 
illustrated  in  Figures  4  through  8.  All  were 
.3125  in.  thick,  duplicating  the  application  to 
design  requiring  the  use  of  5/16  in.  thick  panels 
for  testing.  The  various  test  specimens  to  be 
used  are  as  identified  below;  the  test  series  are 
described  in  Section  III. 


Figure 

No. 


4 

5 

6 

7 

8 


Type  Specimen  Test  Series 

Parent  Metal  1 


Low-Load  Transfer  2, 6, 7, 8, 

(dogbone /strap)  17,18,19 


Open  Hole  4,9,10,11,12 

Zero  Load  Transfer  5 

(dogbone-split  setup) 


Low  Load  Transfer  20,21,22,23 

(reverse  dogbone) 


b.  General  Specimen  Manufacturing  and 
Finishing  Procedures 

Coupon  Machining 

The  material  was  received  as  described  in 
Section  VI. 1.  A  photograph  of  an  as-received 
extrusion  section,  30.5  in.  in  length,  is  seen  in 
Figure  9.  A  sketch  showing  the  orientation  which 
was  established  for  all  specimens  is  presented  in 
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Figure  4  -  PARENT  METAL  SPECIMEN  (PM) 


3.07 


PHOTOGRAPH  OF  AS-RFCEIVED  EXTRUSION 
OF  THE  7175  ALUMINUM  TEST  MATERIAL 
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Figure  10.  Each  extrusion  was  cut  along  the 
30.5  in.  dimension  into  six  slices.  Each  slice, 
numbered  1  through  6,  was  then  cut  into  four 
separate  coupons.  These  were  identified  as  top, 
top  center,  bottom  center,  and  bottom.  Although 
all  the  material  was  from  a  single  heat,  the 
identification  was  maintained  so  that  each  coupon 
could  be  identified  with  respect  to  the  extrusion 
section  from  which  it  came.  A  typical  coupon 
idontif ication  is  as  follows:  2D4TC.  This 
number  or  identification  shows  that  the  particular 
coupon  C2une  from  skid  No.  2,  Section  D,  the  fourth 
slice  in  the  top  center  location. 

After  the  coupons  were  identified  and  cut  out, 
initial  blanking  occurred.  The  coupons  were 
machined  into  5/16  in.  x  4  in.  x  30  in.  rectangu¬ 
lar  blanks.  This  machining  was  performed  per  the 
conditions  given  in  Table  A3.  After  blanking,  the 
specimens  were  then  ready  to  be  contoured  into  the 
final  configuration.  This  contouring  was  performed 
per  the  conditions  shown  in  Table  3. 

After  contouring,  the  coupon  then  went  through  a 
series  of  processing  steps  in  preparation  for 
taper  hole  drilling.  This  processing  sequence  was 
as  follows: 

Shot  peening  per  Standard  STP  51-501,  Revision  G; 

Anodizing  per  Standard  STP  58-208,  Revision  E; 

Coating  per  Standard  STP  59-505,  Revision  C. 

Following  processing,  the  coupons  were  ready  for 
tapered  hole  drilling  and  reaming.  When  dogbonc/ 
strap  and  reverse  dogbone  specimens  were  manufac¬ 
tured,  drilling  and  taper  reaming  was  accomplished 
on  the  specimen  pair  with  the  mating  pieces 
clamped  together  in  final  position. 

Shot  Peening 

Shot  peening  was  to  be  accomplished  to  the  gage 
section  of  all  specimens  except  a  small  portion  of 
those  designated  for  Test  Series  1  which  were  to 
be  evaluated  in  the  as-milled  condition.  Shot 
peening  was  accomplished  in  accordance  with 
Lockheed-Georgia  Company  Specification  STP51-501, 
Revision  G.  With  reference  to  aluminum  alloys  in 
the  thickness  range  involved  in  this  program,  the 
specification  called  for  a  saturation  peening 
Intensity  of  .006A-.012A.  For  purposes  of  achieving 
control  and  consistency  in  the  subject  program, 
the  range  of  peening  parameters  was  chosen  as 
follows: 
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Peening  Intensity:  .008A-.010A 
Coverage:  100% 

Shot  Size:  SllO 

During  peening,  each  specimen  was  clamped  into  a 
fixture  where  it  was  supported  at  each  end  outside 
of  the  locating  holes.  Using  the  fixture,  the 
specimen  was  rotated  at  a  speed  of  approximately 
60-70  rpm.  It  received  the  discharge  of  two 
nozzles  which  translated  parallel  to  the  specimen 
axis  at  a  rate  of  1.5  feet  per  minute  for  a  total 
of  three  minutes.  In  the  particular  fixturing 
used,  this  set  of  parameters  produced  the  100% 
visual  coverage  required  by  the  specification. 

After  the  specimen  was  removed  from  the  fixture, 
the  ends  which  had  previously  been  masked  by  the 
rotating  fixture  were  then  peened  using  manual 
control . 

Shot  peening  of  all  test  specimens  was  accomplished 
by  The  Metal  Improvement  Company,  a  division  of 
the  Curtiss-Wright  Corporation,  at  their  Cincinnati 
facility. 

Anodizing 

After  peening,  all  specimens  were  subjected  to 
sulfuric  acid  anodizing  which  was  performed  in 
accordance  with  Lockheed-Georgia  Company  Specifi¬ 
cation  STP58-208,  Revision  E.  A  type  I  non-died 
coating  was  applied  which  was  specified  to  have  a 
minimum  thickness  of  0.0002  in.  The  anodizing 
requirements  were  as  follows: 

Min.  Anodic  Coating  Weight  (mg/sq.ft.):  1000 
Steady  Voltage,  DC:  6-24 

Anodic  Current  Density  (amps/sq.ft.):  12  min. 
Solution  Temperature:  68-72  degrees 

After  anodizing,  all  samples  were  rinsed  thoroughly 
with  cold  water,  then  in  sodium  bicarbonate  solution 
and  finally  in  a  demineralized  water.  Samples 
were  then  sealed  by  immersion  in  a  4-6%  dichromate 
bath  for  15-20  minutes,  followed  by  both  spray  and 
immersion  rinses  in  hot,  demineralized  water. 

Final  drying  was  accomplished  with  forced  air. 

The  anodizing  operation  was  accomplished  by  Smith 
Electrochemical  Company,  Carthage,  Ohio. 
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Coating 


A  clear  polyurethane  coating  was  applied  to  the 
gage  sections  of  all  specimens  after  anodizing. 
This  was  done  in  accordance  with  Lockheed-Georgia 
Company  Specification  STP59-505,  Revision  C,  which 
is  equivalent  to  MIL-C-27725.  To  avoid  the 
possibility  of  reducing  friction  in  the  grip  areas 
of  the  specimens,  the  coating  was  masked  from 
those  regions. 

Coating  was  accomplished  by  Alpine  Products  Inc. , 
Dayton,  Ohio. 

Fastener  Installation 


The  drilling  and  taper  reaming  of  the  dogbone/ 
strap  specimen  was  accomplished  in  a  special 
fixture.  The  fixture  was  constructed  to  assure 
the  proper  relative  positioning  of  the  mating 
coupons  which  make  up  the  specimen  assembly,  to 
provide  for  the  accurate  positioning  of  the 
tapered  hole,  and  also  to  provide  adequate  rigidity 
for  the  drilling  and  reaming  operations.  A 
photograph  of  this  fixture,  without  specimen 
coupons  in  place,  is  shown  in  Figure  11.  Note 
that  the  fixture  used  a  variety  of  pins,  spring 
loaded  pins,  and  stops  in  order  to  locate  and 
support  the  specimens.  The  fixture  was  designed 
so  that,  after  drilling  and  reaming,  the  fastener 
would  enter  from  the  dogbone  side  of  the  specimen 
assembly  and  the  nut  would  be  on  the  strap  side. 

It  should  be  noted  that  in  the  case  of  the  dogbone/strap 
configuration  the  strap  must  be  under  the  dogbone 
during  the  drilling  operation  and  since  it  is 
smaller  than  the  dogbone,  means  had  to  be  provided 
for  properly  positioning  these  two  coupons. 

A  photograph  of  the  dogbone/strap  fixture  with  the 
strap  in  place  is  shown  in  Figure  12.  Note  that 
the  strap  is  positioned  by  two  stops  and  corres¬ 
ponding  spring  loaded  pins.  A  photograph  of  a 
dogbone  coupon  placed  over  a  strap  in  the  same 
fixture  is  shown  in  Figure  13.  The  dogbone  is 
positioned  by  means  of  a  round  pin  at  one  end  and 
a  diamond  pin  at  the  other.  The  round  versus 
diamond  configuration  allows  for  slight  variation 
in  distance  between  pin  holes  in  the  dogbone 
coupon.  As  shown  in  Figure  13,  the  specimen  is 
clamped  in  the  fixture  ready  for  the  drilling  and 
subsequent  reaming  operations  to  be  performed. 
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FIXTURE  USED  FOR  DRILLING  AND  REAMING  OF  SPECLMEI' 


of  OO''  bone /strap  speclven  as  a.>  assembly 


The  specimen  assembly  fixture  was  mounted  on  a 
Bridgeport  milling  machine.  Drills  and  reamers 
were  held  by  a  collet  in  the  spindle  of  the  machine. 
The  depth  control  of  the  drilled  and  reamed  holes 
was  accomplished  through  the  use  of  a  dial  indicator 
monitoring  the  vertical  travel  of  the  spindle  of 
the  milling  machine. 

It  should  be  emphasized  again  that  the  tapered 
reeuners  enter  from  the  dogbone  side  of  the  specimen. 
The  countersink  was  placed  in  the  dogbone  side  of 
the  specimen  assembly.  The  nuts  used  to  seat  and 
secure  the  Taper-Lok  fasteners  rest  against  the 
strap. 

Details  of  variables  controlled  during  the  drilling 
and  reaming  operations  on  these  specimens,  which 
constitute  the  nucleus  of  this  program,  are  detailed 
in  Section  VI. 3  of  this  report.  After  drilling 
was  accomplished,  coupons  were  removed  from  the 
fixturing  illustrated  in  Figures  11  through  13  and 
were  cleaned  and  inspected.  After  inspection, 
sealant  was  applied  to  the  fay  surface  of  the 
strap  specimen  and  fasteners  were  inserted  and 
installed  making  the  specimen  assembly  ready  for 
testing.  Details  of  the  assembly  procedure  are 
contained  in  the  Appendix  of  this  report. 


Sealant  Application 

A  sealant,  identified  as  PR-1431-G,  Type  I, 
(Products .Research  Corporation)  was  supplied  by 
the  Lockheed-Georgia  Company  to  be  applied  to  each 
set  of  specimen  coupons  before  assembly.  This 
sealant  had  an  indicated  assembly  time  of  approx¬ 
imately  20  hours  which  means  that  all  working  or 
movement  co  be  accomplished  once  the  sealant  has 
been  applied  should  be  accomplished  within  20 
hours.  Total  curing  or  tack-free  time  of  the 
specimen  at  room  temperature  was  120  hours. 

During  this  program,  sealant  was  applied  by  Metcut 
to  one  of  the  two  surfaces  to  be  joined  to  produce 
a  coating  approximately  .015  in.  thick.  In  the 
case  of  the  dogbone/strap  specimen  the  sealant  was 
applied  to  the  two  tab  areas  at  the  end  of  each 
strap.  The  strap  was  then  placed  against  the 
specimen  and  the  fastener  installed  and  torqued  to 
the  specified  level. 
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3. 


Production  of  Hole  Quality  Variables 


a.  Tapered  Hole  Procedures 

All  tapered  holes  in  the  specimens  were  located 
and  drilled  on  a  Bridgeport  milling  machine.  The 
Bridgeport  was  equipped  with  a  Trav-A-Dial  for 
reading  table  location  in  the  longitudinal  direction 
and  a  dial  indicator  for  locating  the  spindle  in 
the  vertical  direction. 

After  the  fixture  had  been  properly  aligned  with 
the  milling  machine  spindle,  a  dummy  specimen  of 
the  same  alloy  and  same  thickness  was  drilled  and 
reamed  to  permit  the  adjustment  of  the  spindle 
depth  stop  to  produce  a  hole  having  the  proper 
protrusion  and  countersink  depth. 

After  the  spindle  depth  stop  had  been  properly 
set,  two  more  holes  were  drilled  and  reamed. 

These  holes  were  inspected  for  protrusion,  surface 
finish  and  bearing  using  the  procedures  explained 
in  the  succeeding  paragraphs. 

When  two  satisfactory  holes  had  been  produced  in 
the  dummy  material,  a  specimen  was  then  mounted 
in  the  fixture  and  the  two  tapered  holes  were 
drilled,  reamed  and  inspected  using  the  same 
procedures  that  were  used  to  produce  the  verifi¬ 
cation  practice  holes. 

The  amount  of  interference  between  the  fastener 
and  the  tapered  hole  was  determined  by  measuring 
the  distance  the  fastener  head  protrudes  from  the 
specimen's  surface  when  it  is  pressed  firmly  into 
the  hole  with  thumb  pressure.  A  sketch  showing 
the  protrusion  height  is  shown  in  Figure  14. 

The  fasteners  used  during  this  program  are  Group  I 
fasteners.  Group  I  tapered  holes  having  the 
following  amounts  of  interferences  and  protrusions 
were  produced: 


Interference 

.0005" 

.0023" 

.0035" 

.0048" 

.0060" 


Protrusion 

.024" 

.110" 

.168" 

.230" 

.288" 
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The  surface  roughness  of  the  tapered  hole  was 
measured  in  the  axial  direction  using  a  Clevite 
Surfanalyzer  instrument.  This  measurement  was 
recorded  for  each  hole  on  a  manufacturing  report. 
(Manufacturing  reports  for  each  specimen  are 
contained  in  Volume  II  of  this  report) .  The 
countersink  and  tapered  surface  were  also  visually 
inspected  for  scratches,  rifling  and  chatter 
marks. 

Holes  were  checked  for  bearing,  ovality,  bell- 
mouthing,  barrelling,  rifling,  and  roughness  by 
use  of  a  bluing  pin.  The  bluing  pin  test  is 
fairly  common  in  the  fastener  industry  and  for 
this  program  the  procedure  used  was  as  follows: 

The  bluing  pin  was  coated  with  a  thin  uniform 
coating  of  Prussian  Blue  using  the  fingertips  or  a 
cheesecloth  swab.  The  hole  was  previously  cleaned 
of  all  chips  and  cutting  lubricant  that  may  have 
remained  after  drilling.  The  blued  pin  was  then 
pressed  firmly  into  the  hole  with  thumb  pressure 
and  the  protrusion  of  the  head  was  measured.  The 
pin  was  then  driven  into  the  hole  approximately 
.050"  with  a  plastic  mallet  or  hammer.  The  pin 
was  then  knocked  out  of  the  hole  and  caught  in 
such  a  way  so  as  not  to  smear  the  bluing.  The  pin 
was  then  rolled  on  a  piece  of  coordinate  paper  to 
make  a  permanent  record  of  the  bearing  surface.  A 
sketch  of  a  bluing  pattern  and  rollout  are  shown 
in  Figure  15. 

Hole  contour  was  checked  with  an  Omark  Industries 
Air  Gage  equipped  with  a  multiple-orifice  tapered 
probe  as  shown  in  Figure  16.  After  inserting  the 
probe  into  the  hole,  the  surface  was  inspected  at 
various  axial  positions  by  reading  the  output  of 
the  various  orifices.  Radial  deviations  could  be 
measured  by  rotating  the  probe  to  any  desired 
angular  position.  With  this  data  the  contour  of 
the  hole  at  various  axial  positions  could  be 
plotted. 

The  procedure  for  using  the  air  gage  was  to  insert 
it  into  a  master  tapered  hole  and  set  the  indicator 
on  zero.  The  probe  was  then  inserted  into  the 
hole  that  was  to  be  inspected  and  the  output  of 
each  orifice  was  recorded  at  45*  increments  of 
probe  rotation.  For  the  5/8  in.  thick  specimen, 
the  first  six  orifices  were  used. 
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Note:  Areas  of  Contact  Will  Have  Less  Bluing  Than  Areas  of  No  Contact 
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The  percent  bearing  of  the  holes  was  checked  with 
an  Omark  Industries  Taper-Lok  Electronic  Gage 
(Figure  17)  that  distinguishes  tapered  hole 
characteristics  by  measuring  the  capacitance 
established  between  the  hole  and  the  tapered 
probe.  A  single  reading  identifying  average  hole 
characteristics  was  obtained. 

The  probe  was  first  inserted  into  a  master  tapered 
hole  of  a  known  percent  bearing  and  the  meter  was 
nulled.  When  the  probe  was  inserted  into  the  test 
hole,  the  meter  would  then  indicate  whether  or  not 
the  hole  had  the  same  percent  bearing  as  the 
master  hole. 

Holes  were  inspected  for  perpendicularity  using  a 
dial  indicator  depth  gage  equipped  with  a  special 
base  that  locates  on  a  flush  type  Taper-Lok 
fastener  head.  The  gage  was  rotated  around  the 
head  keeping  the  indicator  point  at  a  fixed 
distance  from  the  hole  centerline.  The  angularity 
of  the  hole  centerline  with  respect  to  the 
fastener  surface  was  calculated  using  the  difference 
between  the  high  and  low  indicator  readings. 

b.  Interference 


As  noted  in  Section  III,  the  interference  between 
the  tapered  hole  and  the  Taper-Lok  fastener  was 
set  at  five  different  levels.  They  represented 
the  minimum,  mid-point  and  maximum  interference 
allowed  by  the  specification  and  one  level  of 
interference  both  greater  and  lesser  than  that 
allowed  by  the  specification. 

The  hole  at  the  mid-point  of  the  specification, 
having  a  diametral  interference  with  the  fastener 
of  .0035  in.,  was  produced  with  a  standard  reamer. 
The  tool  had  an  integral  countersink.  The  next 
larger  hole,  having  an  interference  of  .0023  in. 
was  produced  by  slightly  opening  up  a  standard 
hole  with  an  oversize  tapered  reamer.  The  still 
larger  hole,  having  the  interference  of  .0005  in., 
was  produced  by  still  another  oversize  reamer.  In 
the  case  of  the  .0023  in.  and  .0005  in.  inter¬ 
ference  holes,  the  countersink  blend  radius  which 
was  placed  in  the  coupon  by  the  original  cut  of 
the  standard  reamer,  was  slightly  cut  into  by  the 
oversize  reamer.  The  extent  of  this  cut,  however. 
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was  of  the  order  of  .0015  in.  on  the  radius  of  the 
fastener.  This  cut  was  considered  small  compared 
to  the  radius  between  the  tapered  hole  and  the 
countersink,  of  .  040  in.  ±  .010  in.  as  produced  by 
the  standard  tool  with  integral  countersink. 

The  minimum  size  lioie  having  the  maximum  inti'r- 
feronce  of  .OObO  in.  was  produced  by  a  specially 
ground  tapered  reamer.  The  .0048  in.  interference 
l\oio  was  produced  by  following  up  that  operation 
wit  h  an  oversize  reamer  enlarging  t  lie  hole  slight  ly 
so  as  to  reduce  the  interference  from  .OObO  in.  to 
.0048  inches. 

By  developing  variations  in  interference  using 
this  two-tool  method,  the  flushness  between  the 
fastener  heads  and  the  test  specimens  remained 
within  specification  limits  at  all  interference 
levels.  The  limit  on  flushness  was  .002  in.  below 
flush  to  .004  in.  above  flush.  It  was  felt  that 
this  variable  should  be  produced  in  this  way  so 
that  ^he  relationship  between  Taper-Lok  fastener 
head  and  countersink  in  the  test  panel  was  the 
same  in  all  cases. 

A  sketch  and  description  of  how  these  holes  having 
various  levels  of  interference  were  produced  is 
shown  in  Figure  18.  The  principal  means  of 
measurement  and  inspection  of  this  hole  quality 
variable  was  by  measurement  of  protrusion  of  the 
fastener  placed  manually  into  the  test  hole.  This 
is  also  shown  in  Figure  18. 

c.  Pcrpondicularity 

On  specimens  where  perpendicularity  was  not  a  test 
variable,  the  fastener  centerline  was  to  be  hold 
to  within  0.5  degrees  of  the  true  perpendicular 
position.  A  lack  of  perpendicularity  of  3^  had 
been  selected  as  the  level  for  studying  this 
parameter  as  a  discrepant  condition.  These  holes 
were  produced  in  manufacturing  by  tilting  the  liead 
on  the  milling  machine  which  carries  the  drill  and 
reamer.  The  hole  entered  the  test  specimen  at 
its  centerline.  The  inclination  was  perpendicular 
to  the  axis  of  loading  of  the  specimen. 

This  quality  variable  and  method  of  producing  it 
was  considered  typical  of  the  production  situation 
whore  the  operator  does  not  have  his  fixturing, 


42 


Cut  with  standard  geometry  reamer  to 
obtain  holes  which  will  produce  .0035 
and  .0060"  Interference  with  Installed 
fastener 

Cut  with  oversize  reamer  to  reduce 
levels  of  Interference  to  .0005, 

.  0023,  and  .0045" 

Fastener  In  position  to  measure 
protrusion,  hence  Interference 


Figure  18  -  VARIABLES  IN  REAMING  USED  TO  OBTAIN 
RANGE  OF  INTERFERENCE  LEVELS 
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namely  the  drill  cage,  placed  firmly  against  the 
panel  to  be  drilled.  In  such  a  situation,  loss  of 
perpendicularity  was  a  result  of  the  inclination 
of  the  cutting  tool.  While  the  entrance  of  the 
hole  had  the  correct  edge  distance,  the  exit  of 
the  hole  resulted  in  a  slightly  reduced  edge 
distance . 

Interference  of  artificially  inclined  holes  was 
measured  by  means  of  protrusion  at  the  centerline 
of  the  fastener  and  a  plane  perpendicular  to  that 
in  which  the  inclination  was  produced.  The  lack 
of  perpendicularity  actually  achieved  was  measured 
by  taking  readings  with  a  depth  indicator  on  the 
head  of  the  fastener  at  90  degree  increments 
around  the  fastener  head. 

d.  Bellmouthing 

Bellmouthing  was  produced  as  a  two-tool  operation. 

By  using  reamers  of  controlled  geometry,  the 
conditions  were  produced  repeatedly  in  several 
different  specimen  sets.  The  initial  reamed  hole 
was  put  in  by  a  controlled  reamer  which  cut 
oversize  at  the  exit  side  of  the  hole  and  also  in 
the  region  where  the  hole/countersink  intersection 
should  be  located.  A  standard  cutter  was  then 
introduced  to  produce  the  proper  taper  where  the 
hole  was  not  already  oversize.  The  resulting  hole 
was  within  specification  limits  at  the  fay  surface, 
but  lacked  interference  at  the  countersink/hole 
intersection  and  at  the  exit.  The  metal  removed 
successively  by  these  two  cutters  is  shown  schematically 
in  Figure  20. 

This  type  of  hole  discrepancy  was  considered  to  be 
similar  to  that  which  would  be  produced  by  an 
operator  should  he  become  unsteady  with  his  power 
tool  during  the  drilling  or  reaming  operation.  We 
chose  a  two-tool  method  of  producing  the  dis¬ 
crepancy  so  that  it  could  be  uniformly  reproduced. 

e.  Barrelling 

Like  the  bellmouthing  operation  just  described, 
the  barrelling  condition  was  also  produced  by 
successive  cuts  of  two  different  tools.  As  shown 
in  Figure  21,  the  first  reaming  operation  was 
performed  with  a  standard  reamer  which  produced 
the  tapered  hole  of  the  proper  contour  along  with 
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Figure  19  -  VARIATION  IN  MANUFACTURING  PROCEDURES 
TO  PRODUCE  A  NON-PERPENDICULAR  HOLE 
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Cut  of  control  reamer 


Cut  of  standard  reamer 

Areas  where  inadequate  interference  is  produced, 
resulting  in  barrelling 


VARIATIONS  IN  MANUFACTURING  PROCEDURES 
TO  PRODUCE  BARRELLING 


the  integral  countersink.  This  was  followed  with 
a  cutter  ground  in  such  a  way  as  to  produce  a 
larger  hole  than  standard  in  the  region  of  the  fay 
surface.  As  shown  in  Figure  21,  this  hole  had 
proper  bearing  of  the  tapered  fastener  at  all 
areas  except  in  the  center  of  the  tapered  region 
which  coincided  with  the  fay  surface  of  the 
specimen. 

This  hole  discrepancy  can  occur  during  manufac¬ 
turing  when  the  chips  do  not  clear  themselves  from 
the  cutter.  On  the  assembly  line,  holes  have  been 
drilled  and  reamed  in  structures  which  have  a 
layer  of  sealant  at  the  fay  surface.  This  sealant 
tends  to  retain  the  chips  on  the  reamer  in  the 
plane  of  the  fay  surface,  causing  the  reamer  to 
cut  oversize  in  that  area. 

The  barrelled  holes  were  inspected  in  two  steps. 

The  first  inspection  occurred  after  the  use  of  the 
controlled  reamer  by  lowering  the  indicator  on  the 
machine  tool  spindle  into  the  hole  and  reading  the 
diameter  at  prescribed  depths.  Second,  inter¬ 
ference  tin  the  entrance  and  exit  areas  was  measured 
using  a  protrusion  pin  as  discussed  in  Section  VI. 3. b. 

f .  Ovality 

Ovality  may  occur  when  drilling  and  reaming  a  hole 
on  a  vertical  surface  in  the  event  that  the  weight 
of  the  power  tool  is  allowed  to  dwell  excessively 
on  the  cutter.  This  discrepancy  was  not  frequently 
found  by  itself.  When  it  occurred,  it  was 
usually  in  combination  with  other  defects,  notably 
barrelling  and  bellmouthing. 

In  this  study,  ovality  was  produced  by  translation 
of  the  milling  machine  table  with  the  reamer 
engaged  in  the  workpiece.  As  shown  in  Figure  23, 
the  larger  diameter  of  the  oval  hole  was  perpen¬ 
dicular  to  the  loading  axis.  An  increase  in 
diameter  of  .004  in.  was  achieved  in  the 
transverse  direction. 

This  discrepancy  was  inspected  by  tramming  the 
hole  in  the  specimen  with  an  indicator  in  the 
milling  machine  spindle.  The  fay  surfaces  of  the 
specimens  were  similarly  checked  while  they  were 
disassembled  before  sealing. 
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P  =  direction  of  loading 
A  =  diameter  of  hole  90"  to  loading  axis 
B  =  diameter  of  hole  parallel  to  loading  axis 
A  to  be  .004-,  006"  greater  than  B 


Figure  22  -  VARIATIONS  IN  MANUFACTURING  PROCEDURE 
TO  PRODUCE  OVALITY 
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Exit  Burr 


In  drilling  5/16  in.  diameter  holes  under  the 
conditions  used  for  this  program,  an  exit  burr 
ranging  in  height  from  .015  in.  to  .020  in.  was  a 
normal  result.  In  most  of  the  test  series  of  this 
program,  this  burr  was  not  removed.  The  washer- 
nut  had  a  recess  area  in  front  of  the  threads  to 
allow  the  burr  to  remain  unaltered  after  clamp-up. 
In  a  case  where  the  effect  of  the  exit  burr  was  to 
be  studied,  (Test  Series  18) ,  this  exit  burr  was 
removed  on  one  series  of  control  samples  so  that 
the  fatigue  behavior  without  the  burr  could  be 
compared  to  the  balance  of  the  specimens.  The  burr 
was  removed  with  a  hand  chamfer  tool. 

Burr  height  was  measured  with  a  series  of  feeler 
gages.  The  measurement  was  indicated  by  the 
thickness  of  the  gage.  When  placed  next  to  the 
burr,  it  permitted  a  second  feeler  to  slide  across 
the  gage  and  the  burr  without  interference. 

h.  Surface  Roughness 

Surface  roughness  was  measured  with  a  stylus  type 
surface  roughness  gage  (Surf indicator)  parallel  to 
the  axis  of  the  hole,  and  was  varied  from  32  to 
250  microinches  AA.  Holes  having  this  range  of 
roughness  were  produced  by  allowing  aluminum  to 
pick  up  or  build  up  on  a  series  of  reamers  and  then 
using  these  reamers  to  finish  the  surface  of  the 
test  holes.  The  pickup  on  the  reamer  was  produced 
by  cutting  under  conditions  which  induced  buildup 
on  the  margin  of  the  cutter.  These  conditions 
were  high  cutting  speed  and  a  light  feed  rate.  By 
controlling  the  amount  of  buildup  on  the  cutter, 
it  was  possible  to  produce  the  desired  range  of 
surface  roughness. 

In  producing  samples  for  the  surface  roughness 
study,  significant  amounts  of  pickup  were  allowed 
to  develop,  resulting  in  a  substantial  increase  in 
surface  roughness  over  that  which  would  normally 
be  encountered  in  a  production  environment. 

i.  Rifling 

Rifling  was  defined  as  the  image  or  impression  of 
the  flutes  of  a  reamer  being  embossed  into  the 
surface  of  the  reamed  hole.  This  condition 
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occurred  when  a  drill  motor  was  stalled  in  a  hole 
during  a  reaming  operation.  This  condition  was 
produced  by  forcing  a  two-flute  tapered  reamer 
into  a  standard  reamed  hole  (which  had  already 
been  inspected  and  found  satisfactory  with  respect 
to  interference  and  bearing) .  The  reamer  was 
forced  into  the  hole  using  the  spindle  downfeed  on 
the  milling  machine;  the  reamer  was  free  to  rotate 
but  no  torque  was  applied.  The  reamer  was  positioned 
prior  to  forcing  it  into  the  hole  so  that  the 
flute  intersected  the  fay  surface  at  90  to  the 
loading  axis  of  the  specimen.  This  configuration 
is  shown  in  Figure  23. 

For  this  program,  the  depth  of  the  resulting 
impression  in  the  wall  of  the  tapered  reamed  hole 
was  between  .005  in.  and  .010  inches.  The  width 
of  the  impression  depended  upon  the  geometry  of 
the  reamer  flute  used.  Beyond  the  dimensional 
characteristics  of  the  hole  as  reamed,  inspection 
of  the  rifled  groove  was  made  by  replication  using 
a  silicone  rubber  plug  and  by  means  of  a  binocular 
microscope  to  examine  the  indentation  at  the  fay 
surface.  An  optical  comparator  was  used  to 
measure  the  dimensions  of  the  rubber  replicate. 

Axial  Scratch 

Axial  scratches  may  accidentally  be  produced  in 
tapered  holes  either  from  withdrawing  a  stalled 
drilling/reaming  tool  or  through  the  misuse  of  a 
positioning  clamp.  For  our  purposes,  one  axial 
scratch  .005  in.  to  .007  in.  deep  was  simulated 
by  introducing  a  V-notch  in  the  side  of  the  hole, 

90  degrees  from  the  axial  centerline  of  the  test 
specimen.  A  small  boring  bar  was  ground  so  as  to 
produce  a  45  degree  V-notch  in  the  hole  surface 
when  the  bar  was  withdrawn  through  the  hole.  The 
sketch  in  Figure  24  shows  the  placement  of  the 
notch.  To  create  the  simulated  scratch,  the 
boring  bar  was  withdrawn  in  the  same  direction 
that  the  drill  or  reamer  would  be  withdrawn, 
starting  the  notch  at  the  exit  side  of  the  hole 
and  continuing  it  up  the  wall  of  the  hole  until 
it  intersected  the  countersink. 

In  addition  to  documenting  the  hole  prior  to  the 
introduction  of  the  axial  scratch,  the  final 
condition  was  observed  using  a  silicone  rubber 
replicate  and  also  the  binocular  microscope,  as 
described  for  making  measurements  of  the  rifled 
condition  in  Section  VI. 3. i. 
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Chatter 


Chatter  is  a  surface  condition  characterized  by  a 
microscopic  roughening  or  jaggedness  of  the 
machine  surface  resulting  from  the  lack  of  rigidity 
between  the  cutting  tool  and  the  workpiece.  This 
condition  could  be  consistently  produced  in  reamed 
samples  in  the  laboratory  by  loosening  the  retaining 
clamps  of  the  fixture  and  using  a  left-hand  spiral 
reamer  during  the  finishing  operation. 

A  typical  appearance  of  a  reamed  hole  in  which 
chatter  is  present  is  shown  in  Figure  25.  During 
the  course  of  this  program,  the  chatter  condition 
itself  was  inspected  visually. 

1.  Plastic  Deformation,  Tears  emd  Laps 

Worn  or  dull  tooling  can  produce  tears,  laps,  and 
associated  plastic  deformation  in  a  reaming 
operation.  This  condition  was  produced  in  the 
laboratory  by  reaming  hundreds  of  holes  without 
cleaning  or  resharpening  of  the  tool.  When  the 
reamer  reached  the  condition  of  wear  desired,  it 
was  used  to  accomplish  the  finish  reaming  operation 
in  the  test  specimens. 

In  addition  to  dimensional  requirements,  inspection 
of  this  condition  was  by  visual  observation  of  the 
surface  and  metallographic  inspection  of  a  cross 
section  of  a  hole  produced  under  the  same  conditions 
as  the  test  specimens.  Metallographic  cross 
sections  were  used  to  indicate  the  extent  of 
plastic  deformation  and  give  an  estimate  of  the 
frequency  of  tears  and  laps. 


4.  Measurement  of  Hole  Quality  Level 
a.  Inspection  of  Holes 

Holes  were  inspected  and  conditions  documented  to 
the  extent  noted  below.  Data  is  summarized  in 
Tables  4  through  8.  Complete  inspection  sheets  on 
each  specimen  are  contained  in  Volume  II  of  this 
report. 
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Inspection  at  Metcut 


Each  taper  reamed  hole  was  inspected  at  Metcut  in 
the  following  manner: 


•  Protrusion  was  measured  with  a  height  gage  as 
a  means  of  measuring  the  interference  between 
the  fastener  and  the  hole  surface. 

•  Perpendicularity  was  calculated  from  measure¬ 
ments  of  the  height  of  the  fastener  head  as 
described  in  Section  VI. 3. c. 

•  Burr  height  was  measured  by  feeler  gages 
as  described  in  Section  VI. 3. g. 

•  An  air  gage  was  used  to  determine  conformance 
of  the  hole  at  up  to  five  stations  of  depth 
and  at  45  degree  increments  around  its 
periphery.  The  entire  matrix  of  readings  was 
recorded. 

•  Comparator  and  dial  indicators  were  used  to 
indicate  the  extent  of  bellmouthing,  barrelling, 
depth  of  rifling,  and  scratches, 

•  Readings  taken  with  a  capacitance  gage 
supplied  by  the  Briles  Fastener  Corporation 
were  recorded. 

•  Silicone  rubber  replicas  were  taken  of  some 
of  the  hole  surfaces. 

•  The  percentage  of  bearing  was  determined 
by  tapping  a  tapered  pin  which  was  coated 
with  Prussian  blue  into  each  hole.  The 
impression  was  transferred  from  the  pin  so 
that  it  was  visually  documented  with  each 
specimen  and  presented  with  the  test  data. 

This  item  was  performed  by  Metcut  immediately 
before  final  assembly  of  the  test  specimens. 
Inspection  performed  by  Lockheed-Georgia 
Company  as  noted  below  preceded  the  bluing 
and  assembly  operation. 

Inspection  at  Lockheed-Georgia  Company 

Two  specimens  representing  each  of  the  various 
test  series  were  sent  to  Lockheed-Georgia  Company 
after  inspection  by  Metcut.  The  primary  purpose 
for  this  phase  was  to  give  Lockheed-Georgia 
Company  the  opportunity  to  work  with  the  segmented 
capacitance  gage  which  they  are  developing  for 
tapered  roamed  holes. 
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b.  Metallography 


In  manufacturing  several  series  of  test  specimens, 
trial  coupons  were  initially  drilled  and  reamed 
with  flaws  introduced  as  required.  These  coupons 
were  then  checked  with  respect  to  roughness,  flaw 
depth,  hole  taper,  etc.,  in  order  to  be  certain 
that  the  desired  condition  was  being  achieved  and 
that  it  could  be  reproduced  from  hole  to  hole. 

Once  it  was  established  that  manufacturing  parameters 
were  properly  established,  holes  for  each  of  the 
test  series  were  then  produced  in  the  necessary 
number  of  specimen  blanks.  Coupons  relating  to 
each  set  of  specimens  were  set  aside  for  metallo- 
graphic  examination  as  covered  by  this  section  of 
the  report. 

Optical  photographs  of  the  surfaces  of  holes 
exhibiting  variations  in  surface  roughness  for 
Test  Series  9  are  shown  in  Figure  26.  These 
photographs,  reproduced  at  a  magnification  of  15X, 
were  taken  on  samples  of  holes  which  had  been 
sectioned  to  permit  the  examination.  Scanning 
electron  micrographs  of  these  same  four  surfaces 
at  both  SOX  and  200X  are  shown  in  Figures  27 
through  30.  These  micrographs  show,  in  much 
greater  detail,  the  change  in  characteristics  of 
the  surface  with  increased  roughness. 

Microstructures  of  test  coupons  were  also  examined 
to  determine  the  extent  of  subsurface  plastic 
deformation,  possible  changes  in  microhardness  and 
other  features  that  might  be  related  to  a  particular 
set  of  drilling/reaming  parameters.  Samples  were 
sectioned  from  coupons  and  mounted  for  metallographic 
examination  using  standard  techniques  developed 
for  the  study  of  surface  integrity  effects.  These 
techniques  involve  the  use  of  an  epoxy  mounting 
material  charged  with  alumina  particles.  This 
procedure  results  in  a  metallographic  mount 
considerably  harder  than  the  material  of  the 
sample  being  examined,  thus  permitting  excellent 
retention  of  surface  edges  and  providing  the 
opportunity  to  examine  the  surface  region  in 
detail. 

Photomicrographs  of  the  cross  sections  of  hole 
surfaces  from  Test  Series  9  are  included  in  this 
report  as  Figures  31  through  34.  The  appearance 
of  these  photomicrographs  is  consistent  with  the 
increase  in  surface  roughness  from  32  AA  to  250  AA. 
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Plate:  6941  Mag:  SOX  Plate:  6957  Mag:  200X 


Figure  27  -  SCANNING  ELECTRON  MICROGRAPH  SHOWING 
TAPER  REAMED  SURFACES  AT  THE  32  AA 
LEVEL  (TEST  SERIES  9) 


Figure  28  -  SCANNING  ELECTRON  MICROGRAPH  SHOWING 
TAPER  REAMED  SURFACE  AT  THE  63  AA 
LEVEL  (TEST  SERIES  9) 
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Plate:  6943  Mag:  SOX  Plate:  6959  Mag:  200X 


Figure  29  -  SCANNING  ELECTRON  MICROGRAPH  SHOWING 
TAPER  REAMED  SURFACE  AT  THE  125  AA 
LEVEL  (TEST  SERIES  9) 


Plate:  6944  Mag:  50X  Plate:  6960  Mag:  200X 

Figure  30  -  SCANNING  ELECTRON  MICROGRAPH  SHOWING 


TAPER  REAMED  SURFACE  AT  THE  250  AA 
LEVEL  (TEST  SERIES  9) 
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Mag:  lOOOX 


CROSS  SECTION  PHOTOMICROGRAPH  SHOWING 
TYPICAL  TAPER  REAMED  SURFACE  AT  THE 
32  AA  (TEST  SERIES  9) 


Mag:  lOOOX 

CROSS  SECTION  PHOTOMICROGRAPH  SHOWING 
TYPICAL  TAPER  REAMED  SURFACE  AT  THE 
63  AA  LEVEL  (TEST  SERIES  9) 


Plate:  21505  Mag:  lOOOX 

Figure  33  -  CROSS  SECTION  PHOTOMICROGRAPH  SHOWING 
TYPICAL.  TAPER  REAMED  SURFACE  AT  THE 
125  AA  LEVEE  (TEST  SERIES  9) 


Plate:  2150b  Mag:  lOOOX 

Figure  34  -  CROSS  SECTION  PHOTOMICROGRAPH  SHOWING 
TYPICAL  TAPER  REAMED  SURFACE  AT  THE 
2  50  AA  LEVEL  (TEST  SEILIES  ^1 
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Note  also  the  increase  in  plastic  deformation  at 
the  surface  with  increasing  surface  roughness; 
this  is  particularly  evident  in  Figure  34  which 
depicts  the  250  AA  sample.  When  microhardness  of 
these  samples  was  initially  checked  using  a  100- 
gram  load,  Knoop  data  converted  to  Rockwell  B 
values  indicated  a  slight  softening  in  the  first 
.001  in.  of  the  reamed  surface.  Subsequent 
checking  and  rechecking  with  lower  load  readings 
in  the  50-gram  range  indicated  that  no  consistent 
hardness  change  was  present.  The  specimens  made 
for  this  program  exhibited  a  hardness  range  of 
Rockwell  B  79-82. 

An  optical  photograph  at  15X  showing  the  appearance 
of  the  type  of  rifling  covered  in  this  program  is 
illustrated  in  Figure  35.  Scanning  electron 
micrographs  at  both  SOX  and  200X  showing  this 
defect  are  contained  in  Figure  36.  An  optical 
photomicrograph  showing  the  appearance  of  a  cross 
section  of  one  of  the  rifling  grooves  is  shown  in 
Figure  37.  The  presence  of  some  plastically 
deformed  material  on  the  periphery  of  the  groove 
is  quite  evident  in  this  illustration. 

The  condition  identified  as  axial  scratching,  Test 
Series  11,  is  illustrated  in  Figure  38.  This 
consists  of  a  hole  initially  having  a  finish  of 
approximately  63  AA  to  which  axial  scratches  have 
been  added.  Scanning  electron  micrographs  of  a 
typical  scratch  are  shown  in  Figure  39.  An 
optical  photomicrograph  taken  at  lOOOX  shows  a 
typical  cross  section  of  this  defect  in  Figure  40. 

Chatter,  one  of  the  conditions  covered  by  Test 
Series  12,  is  illustrated  in  Figure  41.  This 
illustration  is  an  optical  macrograph  taken  at 
15X.  Scanning  electron  micrographs  also  illus¬ 
trating  the  chatter  condition  are  shown  in  Figure  42. 
Figure  43  is  a  cross  section  photomicrograph  of  a 
chatter  surface.  Note  the  surface  undulations  and 
the  waves  of  plastically  deformed  material  at  the 
surface . 

The  tears/laps/plastic  deformation  condition  also 
covered  by  Test  Series  12  is  illustrated  in  Figure  44. 
The  companion  scanning  electron  micrographs  are 
shown  in  Figure  45.  A  cross  section  of  this 
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Plate:  6799 


Mag:  15X 


Figure  35  -  OPTICAL  PHOTOGRAPH  OF  HOLE  SHOWING 
TYPICAL  APPEAILANCE  OF  RIFLING 
(TEST  SERIES  10) 
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Mag;  200X 


io  -  SCANNING  Ei.ECTRON  MICROGRAPHS 
SHOWING  TYPICAL  RIFLING 
(TEST  SERIES  10) 


Plate:  21072  Mag:  300X 


Figure  37  -  CROSS  SECTION  PHOTOMICROGRAPH  SHOWING 
TYPICAL  RIFLING  (TEST  SERIES  10) 


66 


Plate;  6798 


Mag:  15X 


Figure  38  -  OPTICAL  PHOTOGRAPH  OF  HOLE  SHOWING 
TYPICAL  APPEARANCE  OF  AXIAL  SCRATCH 
(TEST  SERIES  11) 
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Plate:  6954 


SCANNING  ELECTRON  MICROGRAPHS 
SHOWING  TYPICAL  AXIAL  SCRATCH 
(TEST  SERIES  11) 


Man:  U)OX 


CKOSS  SKC  riON  PMOl’OMlCROfilOXi’H  SHOWlNt.'. 
TYPICAL  AXIAI.  SCRATCH  (TEST  SKRIKS  111 


Figure  4  1  -  Ol’TICAL  PHO  TOcniAPH  OF  IlOl-F 
SHOWING  TYPICAI.  APPKAKANCF 
OF  CHATTER  (TEST  SERIES  12) 
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Plate:  6*^63 


Plato:  0^153 


00  X 


SCANNING  El.EC  I’RON  MIC  KOt;  RA  PI  IS 
SHOWING  TYPICAL  CIIA  I'  I’ER 
(TES  T  SERIES  12) 


Plate:  21071 


Mag:  lOOOX 


Figure  43  -  CROSS  SECTION  PHOTOGRAPH  SHOWING 
TYPICAL  CHATTER  CONDITION 
(TEST  SERIES  12) 
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Plato:  b301  Mag;  1  5X 


Figure  44  -  OPTICAL  PHOTOGRAPH  OF  HOLE  SHOWING 
TYPICAL  APPEARANCE  OF  TEA14S/LAPS/ 
P1J\STIC  DEFORMATION  (TEST  SERIES  12) 
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Plate;  t)'?b4 


Figure  45  -  SCANNING  ELECTRON  MICROGRAPHS 
SHOWING  TYPICAP  TEAl^/l-APS/ 

PPASTIC  DEFORJvlATION  (TEST  SERIES  U) 
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conditon  at  lOOOX  is  shown  in  Figure  46.  The 
tears/laps/plastic  deformation  condition  is 
produced  by  using  a  reamer  which  has  become  loaded > 
contains  a  built-up  edge  or  is  otherwise  effectively 
"dulled" .  This  condition  is  intended  to  produce  a 
fairly  high  level  of  working  or  plastic  deformation 
at  the  surface  along  with  some  tears  and  laps  or 
smears  of  redeposited  metal.  The  extent  of  the 
severity  of  the  plastic  deformation  produced  in 
this  test  series  is  quite  clearly  shown  in  Figure  46. 
Even  in  this  situation,  however,  no  detectable 
microhardness  change  could  be  related  to  the 
highly  deformed  areas. 

5.  Fatigue  Testing  Methods 

As  indicated  previously,  testing  under  this  program  was 
accomplished  in  closed-loop  servo  controlled  hydraulic 
test  equipment.  Most  of  the  testing  was  carried  out  at 
R  =  0.1  and  a  cyclic  speed  of  20  to  30  Hz.  Limited 
testing  on  reverse  dogbone  specimens  was  done  at 
R  »  -0.33.  A  photograph  of  the  machine  and  related 
equipment  used  for  these  tests  is  shown  in  Figure  47. 

In  this  particular  illustration,  strain  gages  are  in 
place  on  the  neutral  bending  axes  of  both  the  dogbone 
and  the  strap  parts  of  a  low  load  transfer  specimen. 

These  gages  were  used  for  determining  load  transfer 
levels. 

On  two  or  more  specimens  in  each  test  group,  the  strain 
gaged  assembly  as  shown  in  Figure  47  was  continuously 
monitored  by  an  oscilloscope  during  the  course  of  the 
test.  The  peak  cyclic  strain  measured  on  both  the 
dogbone  and  strap  or  on  both  dogbones,  as  was  the  case, 
was  recorded  at  intervals.  These  peak  strain  levels 
were  used  to  calculate  load  transfer  and  also  to 
observe  whether  or  not  the  percentage  of  load  transfer 
changed  during  the  course  of  the  test.  Load  transfer 
in  this  program  is  defined  as  that  fraction  of  total 
load  applied  to  the  specimen  which  is  transferred 
through  the  fasteners  from  one  component  of  the  specimen 
to  the  other.  In  the  case  of  the  dogbone/strap  specimens, 
the  calculation  is: 


LT  *=  _ ax  a _ 

^b  X  Ab  X  ^a  X  Aa 

where  LT  *  decimal  value  of  load  transfer,  And  ^b 
are  strains  measured  in  the  strap  and  dogbone, 
respectively,  and  A^  and  Aj,  are  cross  sectional  areas 
of  the  strap  and  dogbone  taken  midway  between  the  test 
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Figure  46  -  CROSS  SECTION  PHOTOMICROGRAPH  SHOWING 
TEARS /LAPS /PLASTIC  DEFORMATION 
(TEST  SERIES  12) 
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holes.  Load  transfer  data  for  all  dogbone  specimens 
is  sununarized  in  Table  20. 

For  the  reverse  dogbone  specimens,  a  different  calcula¬ 
tion  is  required.  This  is  due  to  both  the  nature  of 
this  specimen  and  the  placement  of  the  strain  gages 
which  were  selected  for  the  reverse  dogbone  tests.  (See 
Figure  8).  In  the  case  of  the  reverse  dogbone  specimens, 
the  calculation  is: 


Where  LT  =  decimal  value  of  load  transfer,  ^0  is  a 
calculated  strain  based  upon  total  load  applied  to  the 
specimen  and  ^g  is  the  average  strain  indicated  by  the 
four  strain  gages  applied.  The  total  specimen  strain 
is  calculated  as  follows: 


^0  =  ^ 

A  X  E 

where  Z  is  the  total  load  as  indicated  by  load  cell,  A 
is  the  total  cross  section  of  the  two  dogbone  components 
in  the  gage  area  and  E  is  the  elastic  modulus  for  the 
alloy  (assumed  to  be  10.3).  A  summation  of  the  load 
transfer  data  obtained  on  all  reverse  dogbone  specimens 
is  contained  in  Table  21. 


6.  Statistical  Evaluation  of  Fatigue  Test  Data 

The  basic  statistical  analysis  method  used  to  evaluate 
the  data  generated  by  this  progreun  is  presented  in  the 
Appendix.  The  method  outlined  is  applied  to  the  data 
sampling  of  each  defect  to  determine: 

•  The  projected  behavior  of  the  parent  population 
on  each  defect. 

•  The  significance  of  each  defect  relative  to  the 
baseline  configuration. 

The  method  assumes  the  test  data  sampling  fits  a  "log¬ 
normal  distribution" .  The  log  of  the  dependent  variable 
(Xi) ,  from  the  test  sampling  of  each  defect,  is 
correlated  to  the  normal  distribution  using  a 
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"linear  regression  analysis."  This  analysis  directly 
yields  a  sample  correlation  coefficient  (r^u)  and, 
using  the  other  quantities  calculated,  the  analysis  is 
adapted  to  include  the  effect  of  confidence  level. 

The  calculated  value  of  rxu  the  sampling  may  or  may 
not  be  statistically  significant.  This  can  be  examined 
by  subjecting  the  sample  rxu  to  a  significance  test. 

This  test  considers  the  null  hypothesis  that  there  is 
zero  correlation  between  the  log  of  the  dependent 
variable  and  a  normal  distribution  at  a  given  level  of 
significance.  The  test  determines  the  absolute  critical 
value  of  rxu»  if  the  sample  rxu  is  greater  than  the 
determined  critical  value,  we  reject  (at  that  level  of 
significance)  the  null  hypothesis  that  the  variables 
have  zero  correlation.  In  other  words,  if  the  null 
hypothesis  that  zero  correlation  exists  were  true,  a 
sample  rxu  greater  than  the  critical  value  would  only 
occur  with  a  probability  less  than  the  specified  level 
of  signficance.  The  test  is  an  equal-tails  test  since 
we  are  interested  in  both  positive  and  negative  correlation. 

At  a  1%  level  of  significance,  the  typical  critical 
value  of  rxu  is  approximately  .800.  This  critical 
value  is  based  on  two  variables  and  a  minimum  of  ten 
data  points.  If  the  sample  rxu  values  calculated  are 
greater  than  this  critical  .800  value,  then  it  can  be 
said  that  a  definite  statistical  correlation  exists  for 
the  data  evaluated. 

7.  Fractography 

Following  fatigue  testing,  each  failed  specimen  was 
examined  in  order  to  determine,  if  possible,  the 
primary  origin  of  failure.  Having  this  information  was 
important,  since  the  nucleation  site  of  the  failure 
provides  an  indication  as  to  whether  or  not  the  inter¬ 
ference  fit  fastener  was  effective  in  that  particular 
test.  Failures  were  examined  with  the  unaided  eye,  low 
power  magnifying  glass,  or  stereo  binoculars,  as 
appropriate  and  necessary  to  identify  the  failure 
origin. 

In  order  to  facilitate  discussion  throughout  this 
report,  a  system  of  coding  was  established  which  assigned 
letters  "A"  through  "M"  to  the  various  locations  of 
failure  origins  associated  with  this  test  program. 

This  code  is  described  by  Figure  48.  A  brief  definition 
of  these  failure  sites  is  also  indicated  on  that  figure. 
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NUCLEATION  SITE 


Typical  fractographs  of  the  failure  origins  have  been 
recorded  using  scanning  electron  microscopy  and  are 
illustrated  in  Figure  49.  A  failure  at  the  "B"  location 
as  shown  in  Figure  49  is  typically  caused  by  fretting 
between  the  test  material  and  the  head  of  the  fastener. 
The  failure  at  location  "D"  is  sometimes  found  at  the 
intersection  between  the  countersink  and  the  tapered 
surface  of  the  hole  resulting  from  lack  of  interference 
at  this  point  or  a  stress  concentration  related  to  the 
discontinuity.  Failures  along  the  tapered  surface,  as 
represented  by  location  "E" ,  again  are  usually  asso¬ 
ciated  with  lack  of  interference  between  the  fastener 
and  the  structural  material  into  which  it  is  placed. 

In  the  case  of  open  hole  testing,  detrimental  hole 
quality  will  result  in  a  failure  originating  in  this 
region.  The  majority  of  failures  in  specimens  occurred 
either  at  locations  "F"  or  "G"  in  the  fay  surface  (exit 
surface  in  the  case  of  open  hole  specimens)  or  at  the 
corresponding  locations  at  the  exit  of  the  specimen 
("L"  and  "M",  Figure  48).  A  failure  occurring  at 
location  "F"  is  what  would  be  expected  if  an  open  hole 
specimen  were  being  tested  and  if  the  quality  of  the 
hole  itself  were  not  sufficiently  detrimental  to  the 
fatigue  strength  of  the  specimen  to  have  an  effect.  In 
other  words,  the  stress  concentration  is  such  that  from 
geometric  considerations,  location  "F"  is  the  weakest 
point  of  the  specimen  and  the  anticipated  origin  of 
failure.  When  the  fastener  is  installed,  however,  and 
if  interference  is  adequate,  failures  at  location  "F" 
should  be  inhibited  and  driven  to  location  "G".  An 
examination  of  the  data  contained  in  the  tables  at  the 
end  of  this  report  shows  rather  clearly  that  the 
majority  of  failures  of  specimens  containing  fasteners 
was  observed  at  the  "G",  "H"  or  "M"  locations  (Figure  48) 
except  in  those  situations  where  the  hole  quality 
detracted  from  fastener  performance. 
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Plate;  6966 


Plato;  696« 


SCANNING  ELECTRON  MICROGRAPHS  SHOWING  FAILURE 
ORIGIN  AND  FATIGUE  PROGRESSION  TYPICAL  OF  FAILURES 
ORIGINATING  AT  DIFFERENT  AREAS  OF  THE  TEST  SPECIMENS 
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SECTION  7 


DISCUSSION  AND  EVALUATION 


Testing  on  this  program  fell  into  three  different  groups, 
each  related  to  one  of  the  three  different  types  of  specimens 
used.  The  open  hole  testing  was  carried  out  for  the  purpose 
of  identifying  the  effects  of  several  hole  quality  variables 
separated  from  the  effects  of  the  fastener  being  present. 

The  low-load  transfer  tests  run  with  the  dogbone/strap 
specimen  had  the  purpose  of  assessing  the  influence  of 
detrimental  variables  identified  during  the  open  hole  testing 
and  also  of  assessing  the  effect  of  geometric  consideration 
such  as  interference,  ovality,  barrelling,  etc.  The  third 
group  of  tests,  also  low-load  transfer  in  nature  but  using  a 
reverse  dogbone  specimen,  was  intended  to  identify  the 
effects  of  significant  combinations  of  variables  identified 
with  the  preceding  types  of  specimens. 

This  report  contains  a  discussion  and  evaluation  of  the 
faituge  tests  developed  on  Test  Series  1  through  22.  The 
specimens  for  Test  Series  23  were  manufactured  to  include 
the  variables  shown  in  Section  3  of  this  report.  These 
specimens  are,  however,  to  be  subsequently  tested  at  a 
laboratory  source  other  than  Metcut  using  C-5A  flight 
spectrum  conditions.  The  results  of  these  tests  will  be 
available  at  a  later  date. 

1.  Open  Hole  Specimens 

a.  Fatigue  Testing 

Tests  on  all  open  hole  specimens  (Series  9  through 
12)  were  conducted  at  1800  cycles  per  minute  and  a 
stress  ratio  of  R  =  0.1.  The  maximum  cyclic  stress 
was  determined  initially  on  specimens  from  Series  9 
having  a  surface  roughness  of  63  AA  or  better  (per 
current  Lockheed- Georgia  Company  specifications) 
by  developing  the  S/N  curve  shown  in  Figure  50. 

From  this  curve,  a  selection  was  made  of  16,500  psi 
as  that  peak  stress  which  would  yield  an  average 
specimen  life  of  between  5  x  10^  and  10®  cycles. 
Individual  test  results  are  contained  in  Table  4. 

Groups  of  nominally  ten  specimens  exhibiting  each 
of  the  variables  to  be  covered  for  the  open  hole 
tests  (Series  9  through  12)  were  then  all  exposed 
to  fatigue  loading  at  a  peak  stress  of  16,500  psi. 
These  groups  consisted  of  different  surface 
roughness  levels  averaging  32,  63,  125  and  250  AA 
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Figure  5  0  -  FATIGUE  STRENGTH  OF  OPEN  HOLE  SPECIMENS 


(Test  Series  9) ,  rifling  (Test  Series  10) ,  axial 
scratches  (Test  Series  11) ,  and  both  chatter  and 
tears/  laps/plastic  deformation  (Test  Series  12) . 
While  the  nominal  baseline  anticipated  a  failure 
at  10^  cycles  or  less,  a  runout  level  of  2  x  10^ 
cycles  was  established  which  would  permit  discon¬ 
tinuance  of  a  test  after  two  million  cycles  in  the 
event  that  failure  did  not  occur. 


A  summary  of  all  of  the  open  hole  fatigue  testing 
results  is  contained  in  Figure  51.  This  figure 
illustrates,  for  each  condition  at  each  stress 
level,  a  bar  indicating  the  range  of  lives  exhibited 
by  the  specimens  in  that  group.  Each  vertical 
line  within  the  bar  indicates  the  life  at  which  a 
single  specimen  failed.  The  number  in  the  box  at 
the  right  side  of  the  bar  indicates  the  number  of 
runouts  exhibited  by  that  group.  Mean  values  and 
standard  deviations  are  also  indicated  for  each 
data  set. 

It  will  be  noted  that  the  specimens  having  the 
63  AA  level  failed  slightly  below  the  baseline 
expectation  which  had  been  previously  established 
with  specimens  of  the  same  condition.  Both  the 
32  AA  and  125  AA  samples  performed  somewhat 
better.  The  250  AA  samples,  however,  while 
exhibiting  one  runout  and  one  relatively  high  life 
test,  also  experienced  a  number  of  relatively 
short  life  failures,  suggesting  that  an  increase 
in  roughness  to  the  250  AA  level  causes  a 
degradation  in  fatigue  strength.  Both  rifling  and 
axial  scratches  have  definite  and  significant 
detrimental  effects  on  fatigue  strength,  as  again 
may  be  seen  in  Figure  51.  The  chatter  and  tears/ 
laps/plastic  deformation  conditions  appear  to  have 
some  detrimental  effect  although  they  are  much  less 
significant  than  the  rifling  and  axial  scratch 
conditions . 

An  evaluation  of  this  fatigue  data  is  contained  in 
Section  VII. l.c  of  this  report.  Individual  listings 
of  each  specimen  and  results  for  Test  Series  9 
through  12  are  contained  in  Tables  5  through  8. 

b.  Fractography 

Each  failed  fatigue  specimen  was  examined  to 
determine  the  primary  origin  of  failure  as  ex¬ 
plained  in  Section  VI. 6.  A  summary  of  the 
fractographic  data  developed  for  the  open  hole 
portion  of  this  program.  Test  Series  9  through  12, 
is  summarized  below.  The  coding  used  for  this 
summary  is  indicated  in  Figure  48: 
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FIGURE  51  -  FATIGUE  SUMMARY  OF  OPEN  HOLE  TESTING 


Test  Series 


Failure  Origins  Per  Figure  48 


9  (finish) 
32  AA 
63  AA 
125  AA 
250  AA 


3  at  F,  7RO 

1  at  D,  4  at  E,  12  at  F 
10  RO 

6  at  E,  3  at  F,  IRO 


10  (rifling) 


1  at  D,  8  at  E,  1  at  F 


11  (scratches) 


6  at  L),  4  at  E 


12  (chatter,  etc)  Tears/Laps  4  at  E,  6  at  F 

Chatter  5  at  F,  5RO 


In  reviewing  this  data,  we  will  first  consider  the 
testing  which  dealt  with  variations  in  surface 
roughness.  Series  9.  Many  of  the  failures  in  this 
group  occurred  at  the  hole  exit  location,  "F",  or 
were  designated  as  runouts,  "RO".  Both  types  of 
behavior  are  attributable  to  specimen  geometry  and 
not  to  a  detrimental  effect  relatable  to  surface 
roughness.  Specimens  having  a  roughness  of 
approximately  125  AA  gave  a  similar  indication  and 
had  an  indicated  fatigue  strength  as  high 
as  the  32  AA  specimens.  In  this  instance,  all  ten 
of  the  125  AA  specimens  were  tested  to  runout;  no 
failures  occurred.  The  250  AA  specimens  showed  a 
visible  degradation  in  fatigue  strength  in  that 
six  of  the  ten  tested  failed  in  the  "E"  region. 
Failures  in  this  location  indicate  that  a  degradation 
in  fatigue  properties  due  to  the  surface  condition 
within  the  hole  is  sufficiently  large  to  overcome 
the  stress  concentration  at  the  exit.  So  it  can 
be  clearly  said  that  the  250  AA  finish  level  does 
result  in  a  fatigue  strength  loss.  The  performance 
of  the  63  AA  specimens  is  somewhat  anomalous  when 
compared  to  the  32  AA  and  125  AA  specimens.  Four 
of  the  63  AA  specimens  exhibited  failures  in  the 
"E"  location  and  one  in  the  "D"  location.  This 
outcome  was  puzzling  when  the  tests  were  being 
run,  resulting  in  the  total  number  of  tests  at  the 
63  AA  level  being  increased  from  ten  (as  originally 
scheduled)  to  seventeen.  Nevertheless,  the 
anomalous  condition  continues  and  should  be  verified 
or  chec)ced  further  by  additional  testing. 


Specimens  from  Test  Series  10,  which  evaluated  the 
rifling  condition,  showed  a  significant  degradation 
in  fatigue  strength  due  to  rifling.  Eight  of  the 
ten  specimens  tested  failed  in  location  "E"  with 
the  ninth  failing  at  location  "D".  The  specimens 
containing  axial  scratches.  Test  Series  11,  also 
indicated  a  fatigue  degradation  due  to  this 
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artificially  induced  defect.  Six  of  the  ten 
specimens  tested  failed  at  location  "D",  with  the 
remaining  four  failing  at  location  "E". 

Test  Series  12  consisted  of  20  specimens,  ten 
evaluating  a  chatter  condition  and  ten  evaluating 
tears/laps/plastic  deformation.  Of  the  groups 
evaluating  chatter,  five  failed  at  location  "F" 
and  the  other  five  were  runouts,  having  been 
removed  from  test  after  an  excess  of  two  million 
cycles  without  failure.  The  specimens  containing 
tears/laps,  however,  did  exhibit  a  modest  fatigue 
degradation  in  that  four  of  the  ten  specimens  in 
this  group  failed  at  location  "E",  indicating  a 
sensitivity  to  the  condition  of  the  surface  on  the 
side  of  the  taper  reamed  hole. 

If  one  compared  the  fractographic  evidence  covered 
in  this  section  with  the  fatigue  data  contained  in 
Section  VII. 1. a,  excellent  agreement  is  observed. 
Specimens  which  exhibited  either  runouts  or 
failures  in  location  "F"  all  behaved  like 
the  standard  or  baseline  group  of  specimens  which 
contained  no  intentional  flaws.  Those  test  series 
which  exhibited  the  large  nunUjer  of  failures  at 
locations  "D"  and  "E",  happened  to  be  the  same 
groups  of  specimens  that  exhibited  low  levels  of 
fatigue  life.  From  this  comparison,  it  can  be 
concluded  that  both  cyclic  life  and  origin  of 
fracture  can  be  considered  as  valid  criteria  for¬ 
judging  the  significance  of  various  potentially 
detrimental  conditions  on  the  cyclic  resistance  of 
an  open  hole  specimen. 

c.  Evaluation 


Four  series  of  open  hole  tests  are  covered  by  this 
evaluation;  the  specific  quality  variables  and  the 
associated  test  series  numbers  are; 


Surface  Roughness  32-250  AA 

Test 

Series 

9 

Rifling 

Test 

Series 

10 

Axial  Scratches 

Test 

Series 

11 

Chatter; 

Tears/Laps/Plastic  Deformation 

Test 

Series 

12 
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The  specimens  were  tested  to  failure  or  to  2  x  10® 
cycles,  whichever  occurred  first;  the  following  data 
were  recorded; 

Cycles  to  failure  (if  failure  occurred) 

Maximum  stress 

Which  hole  failed  (if  failure  occurred) 

Location  of  failure  in  the  hole 

The  complete  recorded  data  are  listed  in  Tables  5 
through  8.  The  data  evaluation  is  performed  using  the 
statistical  analysis  method  outlined  in  Section  VI. 6. 
Throughout  the  analysis,  cycles  to  failure  are  taken  as 
the  dependent  variable. 

After  a  preliminary  investigation  of  the  data,  it  was 
decided  that  only  the  pertinent  data  run  at  a  maximum 
stress  of  16,500  psi  would  be  evaluated.  The  results 
of  the  statistical  analysis  are  summarized  in 
Figures  52  through  56. 

Interpretation 

Review  of  the  test  data  generated  for  the  various 
induced  flaws  or  discrepancies  did  not  yeild  definitive 
results.  It  was  anticipated  that  a  correlation  could  be 
established  and  that  the  different  hole  qualities  could 
be  grouped  into  a  simplified  criterion  which  would  then 
be  related  to  a  well-documented  initial  flaw  condition. 

The  scatter  and  the  inconsistencies  noted  in  the  data, 
particularly  with  regard  to  surface  finish  effects, 
were  discouraging.  It  was  anticipated  that  a  definite 
progression  of  degradation  of  fatigue  life  would  be 
evident  as  changes  were  made  to  the  hole  quality  finish. 
Based  on  the  data  obtained,  the  fatigue  life  of  a 
tapered  hole  in  7175-T73511  aluminum  alloy  is  approximately 
the  same  for  finishes  of  32,  63,  and  125  AA,  but  shows 
definite  reduction  as  250  AA  is  approached.  This  is 
based  on  two  considerations:  the  32  and  125  AA  fatigue 
lives  were  approximately  equal  and  the  modes  of  failure 
of  32,  63  and  125  AA  specimens  were  corner  failures 
while  those  of  250  AA  specimens  were  hole  surface  associated 
failures.  This  latter  finding  indicates  that  somewhere 
between  125  AA  and  250  AA  the  surface  roughness  becomes 
a  factor  in  failure  mode  and  location.  No  statistical 
correlation  could  be  established  between  cycles  to 
failure  and  surface  roughness.  The  corresponding 
sample  correlation  for  this  case  is  rxu  =  0.5038  which 
is  less  than  the  critical  value  of  .800  discussed  in 
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LINEAR  REGRESSION  ANALYSIS  -  OPEN  HOLE  SPECIMENS 
TEST  SERIES  9:  SURFACE  ROUGHNESS 
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Figure  52  -  SURVIVAL  PROBABILITY  OF  OPEN  HOLE  SPECIMENS  -  SURFACE  ROUGHNESS 


LINEAR  REGRESSION  ANALYSIS  -  OPEN  HOLE  SPECIMENS 
TEST  SERIES  10:  RIFLING 


LINEAR  REGRESSION  ANALYSIS  -  OPEN  HOLE  SPECIMENS 
TEST  SERIES  1  1  -  AXIAL  SCRATCHES 
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Figure  54  -  SURVIVAL  PROBABILITY  OF  OPEN  HOLE  SPECIMENS  -  AXIAL  SCRATCHES 


LINEAR  REGRESSION  ANALYSIS  -  OPEN  HOLE  SPECIMENS 
TEST  SERIES  12;  CHATTER  AND  TEARS /LAPS /PLASTIC  DEFORMATION 
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Figure  56  -  COMPOSITE:  SURVIVAL  PROBABILITY  OF  OPEN  HOLE  SPECIMENS 


Soc  t.  ion  V I .  f> .  The  t  o  t  o  ro ,  { lu'  :t  t  n  t  i  s  l.  i  on  1 

ooriointion  nnalvti  i  a  proitotiLtnl  wntt  mailo  pooling  ail 
Murfaco  roucjltnoiiM  data. 

Intontional  varlatlomt  in  lioli'  tpiality  Much  an 
Mcratciu’M,  rifl  inij,  chat: tot  ,  and  plaatlc  defor- 
ntatlott  wofo  aMuoMBod  an  to  tlioir  fatiyuo  por forntanco . 
it  wan  liopod  that  tltis  (jroup  of  dlHcropanclcM 
could  bo  roducod  to  a  common  donomi nntor ,  which 
could  then  bo  related  to  an  oxlMting  critorion. 
Statiutical  analyaiM  of  the  tent  data  concluded 
that  the  diBcropancieu  cannot  be  aitMumod  to  be  of 
the  Maine  atatiatlcal  population.  Therefore,  each 
diucropancy  will  liavo  to  bo  aunoMHod  relative  to 
itM  individual  performance  in  apocific  applicationa 
an  they  ariuo. 

^  •  liliT  TeMtinq  -  Dogbone/Strap  Specimona 
a .  Fatigue  ToBting 
Toata  on  all 

8,  17,  18  and  19)  wore  conducted  at  a  atroaa  ratio 
of  U  «  0.1  and  for  the  moat  part  at  cyclic  apoedB 
between  1200  and  1800  cyclon  por  minute.  The 
apocinton,  described  by  Figure  5,  produced  a  load 
transfer  in  tlio  range  of  13-15'^.  In  the  initial 
stagoH  of  this  program,  a  few  toata  wore  run  at 
slower  tent  apeods;  however,  thin  factor  la  not 
conaidered  to  bo  a  algnif leant,  variant  In  this 
program.  In  the  early  atages  of  tenting,  the  S/N 
curve  shown  in  Figure  57  was  developed.  Thin  was 
done  so  that  tlie  maximum  cyclic  or  peak  ntreaa 
which  would  yield  a  life  of  between  0.5  and  1.0 
million  cyclon  on  tlio  standard  or  baseline  apocimenn 
could  be  identified.  From  the  data  nliown  in 
Figure  57,  this  maximum  atrean  waa  selected  as 
22,000  pai  for  tlie  tenting  of  all  remaining  iiogboiu>/ 
strap  a  pod  mens. 

Groups  of  approximately  ten  specimens  representing 
each  of  tiu)  dogbono/otrap  variables  wore  then 
nchedulod  for  testing  at  this  ntross  level. 

Initially,  the  scatter  wan  aomewhat  larger  than 
expected  in  that  a  number  of  speclmenn  exhibited 
liven  well  in  excess  of  one  million  cyclon. 
.•lubaequontly ,  an  the  doglxjne/strap  tenting  proceeded. 
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FATIGUE  BEHAVIOR  OF  DOGBON'S/STR AP  SPECIMENS 
7175-T735ii  A. LUMIN'UM  A L LOY 


9(» 


A 


it  waa  decided  to  reallocate  the  specimens  representing 
each  variable  into  two  groups  of  five,  one  group 
to  be  tested  at  22,000  and  the  other  group  at 
25,000  psi. 

A  summary  of  the  low-load  transfer  fatigue  testing 
with  the  dogbone/strap  specimens  is  contained  in 
Figures  58,  59,  60  and  61.  In  each  of  these 
figures,  the  horizontal  bars  indicate  the  range  of 
lives  exhibited  by  specimens  in  each  of  the 
indicated  groups  and  the  vertical  lines  within 
each  bar  indicate  the  lives  at  which  the  various 
specimens  in  that  group  failed.  Mean  values  and 
standard  deviations  are  also  included.  As  explained 
previously,  the  number  in  the  box  at  the  right 
side  of  the  bar,  where  present,  indicates  the 
number  of  runouts  exhibited  by  that  test  group. 

Referring  to  Figure  58,  note  that  specimens  in 
which  the  fastener  interference  was  .0035  in.  or 
.0048  in.  (the  mid-  and  maximum  interference 
allowable  per  the  applicable  Lockheed-Georgia 
Company  specification) ,  demonstrated  maximum 
fatigue  life.  The  .0060  in.  level  of  inter¬ 
ference,  which  is  in  excess  of  the  specification, 
showed  a  small  by  statistically  insignificant  drop 
in  fatigue  strength.  On  the  other  hand,  the 
specimen  having  less  than  the  minimum  allowable 
interfernence ,  .0005  in.,  exhibited  a  relatively 
low  fatigue  life.  In  three  of  five  test 
results,  the  specimens  having  .0023  in.  inter¬ 
ference,  which  is  the  minimum  allowed  by  the 
specification,  also  exhibited  cyclic  life  less  than 
the  average  for  the  group.  At  first  glance,  it 
would  appear  that  the  minimum  level  of  interference 
is  associated  with  less  than  substandard  fatigue 
performance.  When,  however,  these  data  are  analyzed 
statistically  and  when  data  from  other  test  series 
(particularly  7  and  18)  which  cover  interference  as 
a  variable  are  included,  it  will  then  be  seen  that 
the  fatigue  behavior  of  dogbone/strap  specimens 
having  fastener  interference  of  about  .0023  in. 
falls  in  the  same  range  as  that  of  specimens  having 
higher  levels  of  fastener  interference. 

Test  Series  18,  which  is  also  summarized  in 
Figure  58,  was  the  first  series  run  on  this  program 
using  the  dogbone/strap  specimen  design.  This 
group  of  specimens  was  run  first  in  order  to 
determine  whether  the  balance  of  the  low-load 
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FATIGUE  SUMMARY  OF  DOGBONE /STRAP  TESTING  -  TEST  SERIES  2  AND  18 


98 


Figure  58  -  FATIGUE  SUMMARY  OF  DOBGONE /STRAP  TESTING:  INTERFERENGE  AND  BURRS  -  22  KSI 


transfer  specimens  would  be  run  with  or  without 
the  exit  burrs  which  occurred  during  specimen 
manufacturing.  (In  some  circles,  the  presence  of 
exit  burrs  is  considered  to  promote  a  loss  of 
fatigue  strength,  although  the  applicability  of 
this  comment  depends  upon  specimen  design  and  the 
number  of  other  factors) .  As  far  as  this  particular 
program  was  concerned,  and  as  can  be  readily  seen 
in  Figure  58,  the  presence  of  the  exit  burrs  had 
no  detrimental  effect  on  fatigue  strength.  One  of 
the  twenty  specimens  tested  exhibited  a  somewhat 
shorter  fatigue  life  than  the  rest  of  the  group 
but  this  behavior  is  not  statistically  significant. 
Burrs  were  therefore  not  removed  on  all  specimens 
of  the  other  test  series. 

Test  Series  7,  8  and  17,  which  evaluated  perpen¬ 
dicularity,  bellmouthing,  barrelling  and  ovality 
involved  fatigue  testing  at  both  22,000  and 
25,000  psi.  A  summary  of  the  fatigue  results  on 
these  groups  of  specimens  is  presented  in  Figures  59 
and  60.  Tests  involving  perpendicularity.  Series  7, 

showed  the  same  general  range  of  fatigue  behavior  as 
the  baseline  or  reference  specimens  summarized  in 
Figure  58.  In  the  case  of  bellmouthing,  the 
specimens  at  the  minimum  interference  level 
exhibited  fatigue  degradation  in  some  of  the  samples 
but  the  scatter  in  test  results  was  quite  high.  In. 
the  case  of  the  bellmouthed  specimens  having 
maximum  fastener  interference,  this  fatigue 
behavior  was  similar  to  that  exhibited  by  the 
nondiscrepant  specimens.  Both  barrelling  and 
ovality,  as  also  shown  in  Figure  59,  were  associated 
with  marked  degradation  in  fatigue  life.  These 
particular  hole  quality  discrepancies  resulted  in 
an  average  fatigue  life  of  roughly  100,000  cycles, 
compared  to  an  average  baseline  or  reference 
fatigue  life  approaching  one  million  cycles. 

The  data  presented  in  Figure  60  summarizes  fatigue 
behavior  resulting  from  testing  at  a  peak  stress 
of  25,000  psi,  compared  to  the  22,000  psi  summarized 
in  Figure  59.  Here  again,  the  same  general 
behavior  was  obtained.  Significant  fatigue  degrada¬ 
tion  was  associated  with  bellmouthing  at  the 
minimum  fastener  Interference  level  and  with 
ovality  and  also  with  barrelling  at  both  interference 
levels. 
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FIGURE  59  -  FATIGUE  SUMMARY  OF  DOGBONE /STRAP  TESTING 
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FIGURE  60  -  FATIGUE  SUMMARY  OF  DOGBONE/STR AP  TESTING 


Test  Series  19  was  concerned  with  the  interactive 
effect  of  both  hole  quality  and  discrepancies 
which  were  intentionally  introduced.  In  this  test 
series,  all  holes  were  finished  to  the  100/125  AA 
level;  both  the  minimum  and  maximum  specification 
interference  levels  were  evaluated.  As  can  be 
seen  in  Figure  61,  holes  containing  both  an  axial 
scratch  and  rifling  behaved  no  differently  than 
the  test  hole  which  was  free  of  an  intentional 
defect.  Ovality  of  holes,  however,  resulted  in  a 
significant  degradation  in  fatigue  life.  These 
findings  were  consistent  with  the  results  produced 
by  the  other  dogbone/strap  test  series  run  on  this 
program. 

A  summary  of  the  fractographic  observations  on  the 
dogbone/strap  specimens  is  presented  in  the 
following  section  of  this  report.  An  evaluation 
of  fatigue  data  associated  with  these  specimens  is 
contained  in  Section  VII. 2. c.  Individual  listings 
of  each  specimen  from  Test  Series  2,  7,  8,  17,  18 
and  19,  including  both  specimen  inspection  report 
and  summary  of  fatigue  behavior, are  contained  in 
Tables  9  through  14. 

b.  Fractography 

Each  failed  specimen  was  again  examined,  as  was 
the  case  with  open  hole  specimens,  to  determine 
the  origin  of  the  failure.  A  summary  of  the 
fractographic  data  obtained  for  these  specimens, 
using  the  scheme  for  coding  described  in  Figure  48 
of  this  report,  is  summarized  below: 


Test  Series  Failure  Origins  per  Figure  48 


2  (Interference) 


.0005  in.  interference 

5 

at 

F 

.0023 

1 

at 

A, 

3 

at 

F, 

1 

at 

G 

.0035 

1 

at 

A, 

1 

at 

c. 

3 

at 

G 

.0048 

1 

at 

A, 

1 

at 

F, 

3 

at 

G 

.0060 

1 

at 

F, 

3 

at 

G 

(Perpendicularity) 

Min.  Interference 

1 

at 

E, 

1 

at 

F, 

7 

at 

G 

Max.  Interference 

10  at  G 

(Bellmouthing) 

Min.  Interference 

1 

at 

B, 

8 

at 

F 

Max.  Interference 

2 

at 

B, 

1 

at 

c. 

7 

at 

G 
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figure  61  -  FATIGUE  SUMMARY  OF  DOGBONE/STRAP  TESTING  COMBINED  VARIABLE 


Test  Series 


Failure  Origins  per  Figure  48 


8  (Barrelling) 

Min.  Interference 
Max.  Interference 

17  (Ovality) 

18  (Burrs) 

Min.  Interference 

Max.  Interference 

19  (125  AA  plus  defect) 
(None) 

Min.  Interference 
Max.  Interference 
(Scratch) 

Min.  Interference 
Max.  Interference 
(Rifling) 

Min.  Interference 
Max.  Interference 
(Ovality) 

Min.  Interference 
Max.  Interference 


10 

at 

F 

10 

at 

F 

10 

at 

F 

2 

at 

B, 

1 

at 

c. 

1 

at 

E, 

3 

at 

F, 

1 

at 

G 

1 

at 

B, 

2 

at 

F, 

7 

at 

G 

1 

at 

B, 

1 

at 

E,  3  at  F 

1 

at 

F, 

4 

at 

G  (Scratch) 

3 

at 

F 

2 

at 

B, 

3 

at 

G 

3 

at 

E, 

2 

at 

F 

1 

at 

B, 

1 

at 

F,  3  at  G 

5 

at 

F 

5 

at 

F 

In  reviewing  the  above  data  in  relation  to  the 
failure  orientations  coded  in  Figure  48,  it  should 
again  be  noted  that  the  failures  of  the  dogbone/ 
strap  specimen  will  normally  occur  at  locations  A, 

B,  C  or  G.  On  the  other  hand,  should  the  level  of 
interference  be  inadequate  or  should  the  discrepancies 
in  the  hole  such  as  scratches  or  rifling  be 
contributing  to  poor  performance,  hole  failures  at 
locations  D,  E  and  F  would  then  be  expected. 

Failures  along  the  hole  surface  in  this  region 
result  from  inadequate  prestressing  from  the 
fastener  to  overcome  the  stress  concentration 
attributable  either  to  the  hole  geometry  or  to  the 
presence  of  some  discrepant  condition. 

Considering  this,  note  that  in  the  case  of  Test 
Series  2,  in  which  the  level  of  interference  was 
varied,  specimens  having  interference  at  the  mid¬ 
specification  level  and  higher  levels,  all  exhibited 
predominant  failures  at  location  G.  The  group  of 
specimens  having  substandard  interference  all 
exhibited  failures  at  location  F.  This  is  consistent 
with  expectations.  Specimens  having  the  minimum 
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specification  interference  of  .0023  in.  exhibited 
several  failures  at  location  F  which  is  not 
completely  consistent  with  the  data  or  with  the 
expected  behavior  of  this  configuration. 

In  the  case  of  Test  Series  7  which  evaluated 
perpendicularity,  all  of  the  specimens  having 
maximum  interference  between  the  tapered  hole  and 
the  fastener  exhibited  failures  at  location  G. 

Most  of  the  specimens  having  minimum  interference 
produced  failures  as  this  same  point.  From  the 
fractographic  examination,  one  would  readily 
conclude  that  perpendicularity  to  the  extent 
covered  by  this  program  (3®  normal  to  the  direction 
of  loading)  is  not  detrimental  to  the  fatigue 
performance  of  this  particular  fastener  system. 

Test  Series  8  evaluated  both  barrelling  and  bell- 
mouthing.  At  all  interference  levels,  bellmouthing 
led  to  failures  at  the  exit  corner  of  the  specimen, 
location  F.  This  failure  location  indicated  that 
the  fastener  was  not  effective  in  inhibiting 
fatigue  in  this  specimen  configuration.  This 
observation  was  consistent  with  the  low  level  of 
fatigue  life  exhibited  by  the  croup  of  specimens 
which  covered  barrelling  as  a  valuable.  In  the 
case  of  the  samples  containing  bell.rrauthing,  seven 
of  those  tested  at  the  maximum  fastener  inter¬ 
ference  level  included  failures  at  location  G  at 
the  minimum  interference  level  eight  of  those 
tested  failed  at  location  F.  These  findings 
indicated  that  the  high  level  of  interference  was 
effective  in  overcoming  the  bellmouthed  condition 
studied,  while  the  minimum  interference  level  was 
not.  These  findings  were  also  consistent  with  the 
observed  fatigue  behavior. 

In  the  case  of  the  evaluation  of  the  exit  burrs 
using  Test  Series  18,  specimens  having  maximum 
interference  exhibited  predominant  failure  at 
location  G.  Specimens  having  a  minimum  inter¬ 
ference  exhibited  a  mixed  mode  of  failure  nucleation 
sites  apparently  without  any  relation  to  the 
presence  or  absence  of  burrs. 

Test  Series  19  considered  the  interactive  effect 
of  several  variables  at  the  125  AA  finish  level. 

In  general  terms,  these  samples  contained  fracture 
orientation  consistent  with  fatigue  performance. 

At  both  interference  levels,  ovality  produced  a 
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minimum  fatigue  life  and  all  specimens  consistently 
failed  at  location  F.  The  other  variables  produced 
a  spread  in  fatigue  strength  which  was  also  consistent 
with  the  range  of  failure  nucleation  sites  observed 
in  these  specimens. 

In  summary,  therefore,  it  may  be  concluded  that 
the  fractographic  behavior  of  the  dogbone/strap 
specimen  is  consistent  with  the  fatigue  behavior 
of  this  Scune  group  of  specimens  and  that  these 
criteria  may  be  used  together  or  separately  as  a 
means  of  assessing  the  influence  of  hole  quality 
variations  on  joint  fatigue  performance. 

c.  Evaluation 

Six  series  of  low-load  transfer  dogbone/strap 
specimens  containing  specific  defects  were 
manufactured  and  fatigue  tested  in  the  tension- 
tension  mode.  The  specific  defects,  the 
maximum  applied  stress,  and  the  associated 
test  series  number  were  as  follows; 


Defect 

Stress  (ksi) 

Test  Series 

Interference 

22 

Z 

Perpendicularity 

2  2  and  2  5 

7 

Barrelling 
and  Bellmouthing 

22  and  25 

8a,b,c ,d 

Ovality 

22  and  25 

17 

Burrs 

22 

18 

Baseline  (100-125  AA 

22 

19 

hole  surface  roughness) , 
scratches,  rifling,  and 
ovality; 

one-half  at  minimum 
interference  «  .0023"; 
one-half  at  maximum 
interference  =  0.0048" 


Figure  5  illustrates  the  specimen  used  for  these 
test  series.  Manufacturing  details  are  contained 
in  Section  VI. 3  of  this  report.  Recorded  data  on 
specimen  quality  and  fatigue  performance  is 
contained  in  Tables  9  through  14. 


106 


The  data  evaluation  is  performed  using  the  statis¬ 
tical  analysis  method  outlined  in  Section  VI. 6. 

The  analysis  is  presented  for  two  dependent  variables: 
(1)  cycles  to  failure  and  (2)  1/a  8  . 

Cycles  to  failure  is  a  well  known  dependent  variable 
and  requires  no  further  explanation.  In  the 
dependent  variable,  1/a  B  ,  the  a  B  term  is  an 
empirical  factor  used  by  the  Lockheed-Georgia 
Company  in  their  "Joint  Fatigue  Analysis  Method". 

This  analysis  method  accounts  for  axial  stress, 
fastener  load  transfer,  fastener  tilting  and  joint 
fretting.  But  at  the  present  time  it  cannot 
directly  account  for  hole  finish  and  hole  filling 
or  interference.  The  effects  of  hole  finish  (a) 
and  hole  filling  (B  )  must  be  determined  by  test. 

Since  it  is  difficult  to  separate  to  two  effects 
the  factors  are  combined  and  referred  to  as  a  B  . 

The  a  B  factor  is  applied  in  the  analysis  very 
much  like  a  stress  concentration  factor  would  be 
applied,  an  increase  in  the  a  B  factor  like  an  increase 
in  the  stress  concentration  factor,  will  produce  a 
decrease  in  fatigue  life. 

To  determine  the  test  demonstrated  values  of  a  B  , 
the  specimen  is  first  analyzed  using  the  Joint 
Fatigue  Analysis  Method  for  various  assumed  values 
of  a  B .  From  the  results  of  this  analysis,  a 
curve  of  a  B  versus  cycles  to  failure  is  then 
plotted.  Figure  62.  Entering  Figure  62  with  the 
test  cycles  to  failure,  a  test  demonstrated  value 
of  a  B  can  be  obtained  for  each  specimen. 

Expressing  the  test  results  in  terms  of  a  B  permits 
the  ranking  of  the  various  hole  defects  to  be 
established  in  a  manner  meaningful  to  the  design 
process.  Once  a  design  value  of  a  B  is  determined 
for  a  given  defect,  a  Joint  Fatigue  Analysis  can 
be  performed  to  ascertain  its  effect  on  aircraft 
life. 

The  test  demonstrated  values  of  a  3  are  listed  in 
Tables  9  through  14.  A  more  detailed  description 
of  the  "Joint  Fatigue  Analysis  Method"  and  the  a  B 
factor  may  be  found  in  Reference  (1). 

Results  -  Dependent  Variable:  Cycles  to  Failure 

The  reduced  results  for  Test  Series  2  which  con¬ 
sidered  the  variable  of  fastener  interference 

(1)  B.L.  Cornell  and  L.G.  Darby,  "Correlation  of  Analysis  and 

Test  Data  to  the  Effect  of  Fastenor  Load  Transfer  on  Fatigue", 
AISS  Paper  No.  74-983,  AIAA  6th  Aircraft  Design  Flight  and 
Operating  Meeting,  Los  Angeles,  CA,  August  12-14,  1974. 
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Figure  62  -  ALPHA  BETA  ANALYSIS  OF  DOGBONE/STRAP  SPECIMENS 


T 


with  a  63  AA  surface  roughness  are  presented  in 
Figure  63.  Analysis  of  this  data,  shows  no 
significant  change  in  fatigue  performance  by 
varying  the  fastener  interference  within  the  range 
investigated.  A  similar  trend  is  apparent  for  all 
tests  performed.  The  pooling  of  data  for  all 
interference  values  for  a  given  test  series  gives 
sample  correlation  coefficients  greater  than  the 
critical  .800  value. 

There  is  also  a  practical  reason  for  pooling  the 
interference  data.  In  a  production  environment  it 
is  not  possible  to  control  the  exact  interference 
of  each  fastener.  All  we  know  is  that  the  inter¬ 
ference  should  be  to  the  specification  requirements. 
So  pooling  the  interference  data  more  realistically 
represents  the  actual  aircraft  behavior. 

The  reduced  results  for  Test  Series  7  (Perpen¬ 
dicularity)  are  presented  in  Figures  64  and  65. 
Figures  66  through  69  present  the  reduced  results 
for  Test  Series  8  (Bellmouthing  and  Barrelling)  . 
Figure  70  presents  the  reduced  results  for  Test 
Series  17  (Ovality) . 

In  Figure  71,  the  results  of  the  linear  regression 
analysis  for  Test  Series  2,  7,  8  and  17  are 
presented  for  comparison.  Relative  to  the  baseline, 
ovality  has  the  most  adverse  effect  on  fatigue 
followed  by  barrelling  and  bellmouthing.  The 
condition  of  perpendicular  deviation  appears  to 
enhance  the  fatigue  life.  However,  it  must  be 
recognized  that  the  direction  of  perpendicular 
deviation  was  normal  to  the  load  direction.  The 
same  results  may  not  be  true  for  all  directions  of 
this  defect. 

The  reduced  results  for  Test  Series  18  (Exit 
Burrs)  are  presented  in  Figure  72.  The  analysis 
shows  no  adverse  effect  on  fatigue  life  due  to  the 
presence  of  exit  burrs.  Since  the  origin  of 
failure  always  occurred  at  the  faying  surface,  the 
faying  surface  is  still  the  most  critical  location. 

Figures  73  through  76  present  reduced  results  for 
Test  Series  19.  The  hole  defects  for  this  series 
were  the  defects  which  were  shown  to  be  most 
critical  in  previous  tests  in  the  program.  Al’ 
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LINEAR  REGRESSION  ANALYSIS  -  DOGBONE/STRAP  SPECIMENS 
TEST  SERIES  2;  INTERFERENCE 
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Figure  63  -  SURVIVAL  PROBABILITY  OF  DOGBONE/STRAP  SPECIMENS  -  INTERFERENCE 


LINEAR  REGRESSION  ANALYSIS  OF  DOGBONE/STRAP  SPECIMENS 
TEST  SERIES  7:  PERPENDICULARITY 
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Figure  64  -  SURVIVAL  PROBABILITY  OF  DOGBONE/STRAP  SPECIMENS  -  PERPENDICULARITY  (22  KSI) 


LINEAR  REGRESSION  ANALYSIS  -  DOGBONE/STRAP  SPECIMENS 
TEST  SERIES  7;  PERPENDICULARITY 
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LINEAR  REGRESSION  ANALYSIS  -  DOGBONE/STRAP  SPECIMENS 
TEST  SERIES  8A,  B:  BELLMOUTHING 
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Figure  66  -  SURVIVAL  PROBABILITY  OF  DOGBONE/STRAP  SPECIMENS  -  BELLMOUTHING  (22  KSI) 


LINEAR  REGRESSION  ANALYSIS  -  DOGBONE/STRAP  SPECIMENS 
TEST  SERIES  8A.  B:  BELLMOUTHING 
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LINEAR  REGRESSION  ANALYSIS  -  DOGBONE /STRAP  SPECIMENS 
TEST  SERIES  8C,  D:  BARRELLING 
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Figure  68  -  SURVIVAL  PROBABILITY  OF  DOGBONE/STRAP  SPECIMENS  -  BARRELLING  (22  KSI) 


LINEAR  REGREISSION  ANALYSIS  -  DOGBONE/STRAP  SPECIMENS 
TEST  SERIES  8C.  D:  BARRELLING 
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Figure  70  -  SURVIVAL  PROBABILITY  OF  DOGBONE/STRAP  SPECIMENS  -  OVALITY 


CYCLES  TO  FAILURE 


20  50  80  95 


SURVIVAL  PROBABILITY,  % 

Figure  71  -  COMPOSITE:  SURVIVAL  PROBABILITY  OF  DOGBONE/STRAP  SPECIMENS 
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Figure  72  -  SURVIVAL  PROBABILITY  OF  DOGBONE /STRAP  SPECIMENS  -  EXIT  BURRS 


LINEAR  REGRESSION  ANALYSIS  -  DOGBONE /STRAP  SPECIMENS 
TEST  SERIES  19:  INCREASED  ROUGHNESS  (125  AA) 
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Figure  73  -  SURVIVAL  PROBABILITY  OF  DOGBONE/STRAP  SPECIMENS  -  INCREASED  ROUGHNESS 
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Figure  74  -  SURVIVAL  PROBABILITY  OF  DOGBONE/STRAP  SPECIMENS  -  INCREASED  ROUGHNESS  AND  RIFLING 


LINEAR  REGRESSION  ANALYSIS  -  DOGBONE/STRAP  SPECIMENS 
TEST  SERIES  19"  INCREASED  ROUGHNESS  (125  AA)  AND  AXIAL  SCRATCHES 
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LINEAR  REGRESSION  ANALYSIS  -  DOGBONE/STRAP  SPECIMENS 
TEST  SERIES  19:  INCREASED  ROUGHNESS  (125  AA)  AND  OVALITY 


Figure  76  -  SURVIVAL  PROBABILITY  OF  DOGBONE/STRAP  SPECIMENS  -  INCREASED  ROUGHNESS  AND  OVALITY 


hole  surface  roughnesses  in  this  series  were  in 
the  100-125  AA  range.  A  summary  of  the  linear 
regression  analysis  is  presented  in  Figure  77  for 
comparison.  Consistent  with  previous  results, 
ovality  has  the  moat  adverse  effect  on  fatigue. 

The  effect  of  an  axial  scratch  and  rifling  is 
shown  to  be  a  function  of  survival  probability. 

For  survival  probabilities  less  than  50%,  they 
have  an  adverse  effect  on  fatigue;  greater  than 
50%  a  beneficial  effect. 

Results  -  Dependent  Variable;  (1/a  p ) 

Applying  the  method  described  in  Section  VII. 2. c. 
Figures  78  and  79  and  Table  15  present  the  results 
of  reducing  the  test  data  in  terms  of  a  3 .  The 
baseline  results  are  obtained  by  pooling  the  test 
data  from  Test  Series  2  and  19.  The  v&.jables  for 
Test  Series  2  and  19  are  in  essence  the  same 
except  for  hole  surface  roughness.  Test  Series  2 
has  a  63  AA  surface  roughness  while  Test  Series  19 
has  a  100-125  AA  surface  roughness.  The  sample 
correlation  coefficient  (rxu)  of  0.9811  indicates 
that  varying  the  surface  roughness  within  the 
range  of  63-125  AA  has  no  significant  effect  on 
fatigue. 

Figure  78  presents  results  usi.ivi  confidence  P^,  *  50% 
and  Figure  79  for  “  95%.  In  Table  15,  the 
values  of  a  8  for  50,50  (Percent  Survival  Probability, 
Percent  Confidence),  99,50,  and  9>,95  are  presented. 

Of  the  three  values  of  a  8  shown,  the  99,95  value 
is  the  most  significant.  Test  experience  on  the 
C-5A  aircraft  has  shown  that  the  99,95  value  for  u  8 
is  required  when  using  element  test  results  to 
predict  full  scale  tost  performance.  To  illustrate 
the  significance  of  «  8 ,  Table  15  also  presents 
the  equivalent  cycles  to  failure  using  the  data 
presented  in  Figure  78.  Based  on  the  99,95  value 
of  a  8  »  the  ran)ting  of  the  hole  defects  at  the 
levels  studied  in  this  program  and  starting  with 
the  most  severe,  is  as  follows: 


Ovality 
Bellmouthing 
Axial  Scratch 
Barrelling 
Rifling 

Perpendicular  Deviation  (3“) 


« 
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CYCLES  TO  FAILURE 


Fipurt!  77  -  COMPOSITE:  SURVIVAL  PROBABILITY  OF 

DOGBONE/STRAP  SPECIMENS  (INCREASED  ROUGHNESS) 
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Figure  78  -  ALPHA  BETA  ANALYSIS:  ALL  DOGBONE /STRAP  SPECIMENS  -  Smt  CONFIDENCE 


ALPHA  BETA  ANALYSIS:  ALL  DCXJBONE/STRAP  SPECIMENS 
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Figure  79  -  ALPHA  BEAT  ANALYSIS  :  ALL  DOGBONE /STRAP  SPECIMENS  -  95%  CONFIDENCE 


3. 


LLT  Testing  -  Reverse  Dogbone  Specimen 


a.  Fatigue  Testing 

Fatigue  tests  were  conducted  on  a  reverse  dogbone 
specimen  of  the  design  shown  in  Figure  8  at  1200 
to  1800  cycles  per  minute.  Stress  ratios  of  R  = 

0.1  and  also  -0.33  were  used  on  the  reverse  dogbone 
specimens.  This  specimen  exhibited  a  level  of 
load  transfer  in  the  range  of  0.5  to  8.0%. 

The  selection  of  the  particular  combinations  of 
hole  quality  variables  used  in  the  reverse  dogbone 
specimens  was  based  on  the  results  obtained  on 
previous  tests,  particularly  Test  Series  19.  The 
stress  conditions  used  for  testing  the  reverse 
dogbone  were  based  on  calculations  made  by  the 
Lockheed-Georgia  Company.  Having  determined  that 
a  peak  stress  of  22,000  psi  would  yield  a  cyclic 
life  of  between  .5  and  1.0  million  cycles  on  a 
"standard”  specimen,  Lockheed-Georgia  Company 
calculations  selected  a  peak  cyclic  stress  of 
20,500  psi  for  testing  the  reverse  dogbone  specimens. 
This  peak  stress  was  used  for  both  of  the  stress 
ratios  involved.  At  a  stress  ratio  of  +0.1  the 
minimum  stress  was  2.05  ksi  in  tension.  Where  the 
stress  ratio  of  -0.33  was  used,  the  minimum  cyclic 
stress  was  approximately  6.8  ksi  in  compression. 

In  developing  the  test  schedule.  Test  Series  20 
and  21  which  had  been  defined  separately  in  the 
various  progress  reports  on  this  program  were 
combined  to  form  a  single  series.  All  specimens 
from  series  20/21  were  tested  at  the  R  =  0.1 
stress  ratio.  Likewise  all  specimens  had  an  initial 
hole  roughness  of  100/125  AA;  interference  was 
targeted  at  the  minimum  specified  level,  .0035  in. 

The  data  obtained  on  Test  Series  20/21  is  summarized 
in  Figure  80.  Note  that  the  baseline  specimens, 
which  contained  no  intentional  defects,  and  those 
specimens  containing  both  an  axial  scratch  and  a 
rifled  groove  all  behaved  in  a  similar  fashion. 

In  other  words,  neither  scratching  nor  rifling  to 
the  extent  evaluated  in  this  program  caused  a 
detriment  in  fatigue  life  under  the  test  conditions. 
In  the  case  of  the  specimens  containing  ovality  in 
the  tapered  holes,  however,  a  degradation  in 
fatigue  life  was  observed  as  indicated  in  Figure  80. 
This  behavior  was  consistent  with  the  behavior  of 
oval  holes  when  evaluated  with  the  dogbone/strap 
specimen,  Test  Series  17. 
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Figure  80  -  FATIGUE  SUMMARY  OF  REVERSE  DOGBONE  TESTING  -  COMBINED  VARIABLES 


Test  Series  22  involves  the  same  type  of  specimens 
as  Series  20/21,  all  of  which  had  the  same  initial 
surface  roughness  and  level  of  interference 
between  the  specimen  and  the  fasteners.  In  Test 
Series  22,  however,  the  specimens  were  cyclically 
loaded  at  the  stress  ratio  of  -0.33.  All  of  these 
specimens  exhibited  a  lower  fatigue  life  which 
would  be  expected  because  of  the  greater  stress 
range  involved.  Both  the  scratched  and  the 
standard  specimens  behaved  as  a  single  group 
(rifling  was  not  tested  at  this  stress  ratio) , 
while  the  specimens  containing  oval  holes  again 
exhibited  a  degradation  in  fatigue  properties. 

The  relative  magnitude  of  these  differences  is 
evident  in  Figure  80. 

b.  Fractography 

Each  of  the  failed  reverse  dogbone  specimens  was 
examined  in  order  to  determine  the  point  at  which 
failure  nucleation  took  place.  Again  referring  to 
the  code  presented  in  Figure  48,  a  summary  of  the 
observed  behavior  is  as  follows: 


Test  Series  Failure  Origin  per  Figure  48 

21  Combined  variables,  R  =  +0.1 

100/125  AA  3  at  B,  1  at  C,  1  at  L,  IRO 

100/125  AA  +  scratch  9  at  B,  3  RO 

100/125  AA  +  ovality  4  at  B,  1  at  E,  1  at  F,  2RO 

22  Combined  variables,  R  =  -0.33 

100/125  AA  5  at  B,  2  at  G 

100/125  AA  +  scratch  5  at  B,  4  at  G,  1  at  H 

100/125  AA  +  ovality  1  at  B,  3  at  F,  2  at  G,  3  at  J 


In  reviewing  the  locations  of  failure,  it  should  be 
noted  that  these  reverse  dogbone  specimens  for  the 
most  part  failed  at  locations  associated  with 
normal  fastener  performance.  Referring  to  Figure  48, 
these  would  be  locations  A,  B,  C,  G,  H  and  M.  And 
in  the  same  terms,  the  reverse  dogbone  specimens, 
insofar  as  the  discrepancies  are  concerned,  exhibited 
lives  compatible  with  the  baseline  or  standard 
specimens,  indicating  that  the  fasteners  were 
performing  effectively  in  these  particular  specimens. 
In  the  case  of  oval  holes  in  both  test  series, 
however,  substandard  fatigue  behavior  was  observed. 
Likewise  a  similar  number  of  failures  in  the  F 
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location  (indicating  fastener  ineffectiveness) 
were  observed.  Here  again,  the  origin  of  failure 
was  consistent  with  the  observed  fatigue  behavior. 

Evaluation 


Two  series  of  low-load  transfer  reverse  dogbone  specimens 
having  specific  defects  were  manufactured  and  fatigue 
tested  in  the  tension-tension  and  tension-compression 
modes.  The  specific  defects,  the  maximum  applied  stress 
and  the  test  series  numbers  follow. 


Defect 

Baseline,  scratches, 
rifling,  and  ovality 
with  hole  surface 
roughness  constant  at 
100-125  AA;  median 
interference  of  0.0035" 

Baseline,  scratches, 
and  ovality  with  hole 
surface  roughness  constant 
at  100-125  AA;  median 
interference  of  0.0035" 


Stress  (ksi)  Test 

20.5  tension-  20/21 
tension  mode 


20.5  tension-  22 

compression 

mode 


Figure  8  gives  a  description  of  the  low  load  transfer 
specimen.  The  data  evaluation  is  performed  using  the 
statistical  analysis  method  outlined  in  Section  VI. 6. 
The  analysis  is  presented  for  the  dependent  variable 
1/a  3  only.  A  discussion  of  a  3  method  is  conained  in 
Section  VII. 2. c. 


Interpretation 


The  recorded  data  and  test  demonstrated  values  of 
a  3  are  listed  in  Tables  16  and  17.  The  test  demon¬ 
strated  values  of  a  3  are  obtained  using  the  data 
presented  in  Figure  81. 

Figures  82  and  83  and  Table  18  present  the  reduced 
results  for  Test  Series  21.  The  reduced  results  for 
Test  Series  22  are  presented  in  Figures  84  and  85  and 
Table  18.  Since  a  3  is  Independent  of  stress  level,  it 
is  possible  to  combine  the  results  of  Test  Series  21 
and  22.  The  results  of  combining  these  test  series  are 
presented  in  Figure  85  and  86  and  also  Table  18. 
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ALPHA  BETA  ANALYSIS  OF 
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Figure  81  -  ALPHA  BETA  ANALYSIS  OF  REVERSE  DOGBONE  SPECIMENS 


ALPHA  BETA  ANALYSIS:  REVERSE  DOGBONE  SPECIMENS 
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Figure  83  -  ALPHA  BETA  ANALYSIS:  REVERSE  DOGBONE  SPECIMENS  -  95%  CONFIDENCE 
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Figure  84  -  ALPHA  BETA  ANALYSIS:  REVERSE  DOGBONE  SPECIMENS  -  50%  CONFIDENCE 


ALPHA  BETA  ANALYSIS;  REVERSE  DOGBONE  SPECIMENS 
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Figure  85  -  ALPHA  BETA  ANALYSIS:  REVERSE  DOGBONE  SPECIMENS  -  95%  CONFIDENCE 


ALPHA  BETA  ANALYSIS:  ALL  REVERSE  DOGBONE  SPECIMENS 


Figure  86  -  ALPHA  BETA  ANALYSIS:  ALL  REVERSE  DOGBONE  SPECIMENS  -  507c  CONFIDENCE 


ALPHA  BETA  ANALYSIS:  ALL  REVERSE  DOG  BONE  SPECIMENS 
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Figure  87  -  ALPHA  BETA  ANALYSIS:  ALL  REVERSE  DOGBONE  SPECIMENS  -  95Tc  CONFIDENCE 


Comparing  the  results  shown  in  Table  18  with  the  dogbone 
plus  strap  results  in  Table  15  shows  the  values  to  be 
similar.  Therefore,  they  could  be  pooled  without 
adversely  affecting  the  correlation.  Figures  88  and  89 
and  Table  19  present  the  results  of  pooling  the  data 
together  with  the  results  of  the  dogbone  plus  strap 
tests  not  repeated  in  Test  Series  21  and  22. 

Included  in  Table  19  is  the  effect  of  pooling  Test 
Series  18  burr  results  with  the  baseline  results.  From 
Table  19  using  99,95  values,  the  ranking  of  hole 
defects,  starting  with  the  most  severe,  is  as  follows: 

Bellmouthing 

Ovality 

Axial  Scratches 

Barrelling 

Rifling 

Perpendicular  Deviation  (3**) 

4 .  Discussion:  Crack  Growth  Testing 

a.  Specimen  Manufacturing  and  Precracking 

A  total  of  nine  specimens  were  employed  for  fatigue 
crack  propagation  evaluation:  three  of  the  open 
hole  (OH)  type  (Test  Series  4) ,  three  of  the  zero 
load  transfer  (ZLT)  type  (Test  Series  5)  and  three 
of  the  low-load  transfer  (LLT)  type  (Test  Series  6) . 
In  all  cases  no  manufacturing  discrepancies  were 
introduced  into  the  holes.  A  zero  level  of  inter¬ 
ference  was  used  for  the  ZLT  and  LLT  specimens. 

The  crack  geometry  employed  in  all  three  test 
series  was  a  quarter  circular  crack  emanating  from 
the  fastener  hole  intersection  with  the  fay  surface 
as  shown  in  Figure  90.  As  illustrated,  each  specimen 
initially  was  manufactured  with  a  conventionally 
drilled  3/16  in.  diameter  hole.  To  facilitate 
initiation  of  a  fatigue  crack,  a  notch  of  the 
indicated  geometry  was  introduced  at  one  corner  of 
the  hole  by  electrical  discharge  machining,  EDM. 

Fatigue  precracking  was  performed  on  the  specimens 
in  the  same  test  apparatus  employed  for  all  other 
fatigue  testing  in  this  program.  A  maximum  stress 
level  of  16.5  ksi  was  employed  in  precracking  OH 
Series  4  specimens  and  a  level  of  22.0  ksi  was 
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COMBINED  ALPHA  BETA  ANALYSIS  OF  ALL  SPECIMENS 
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Figure  88  -  COMBINED  ALPHA  BETA  ANALYSIS  OF  ALL  SPECIMENS  -  50%  CONFIDENCE 


COMBINED  ALPHA  BETA  ANALYSIS  OF  ALL  SPECIMENS 


Figure  89  -  COMBINED  ALPHA  BETA  ANALYSIS  OF  ALL  SPECIMENS  -  95%  CONFIDENCE 


Initial  Hole,  3/16"  Dia. 


employed  in  precracking  ZLT  Series  5  and  LLT 
Series  6  specimens.  These  stress  levels  were 
chosen  to  be  the  same  as  those  employed  in  fatigue 
testing  after  precracking.  These  stresses  were 
also  the  same  as  those  used  for  evaluation  of 
similar  specimens  in  the  majority  of  test  series 
in  this  program.  Fatigue  cracks  were  initiated 
from  the  EDM  notches  in  each  specimen  and  allowed 
to  propagate  to  predetermined  sizes.  The  crack 
length,  a,  on  the  surface,  was  monitored  via  a  20X 
traveling  microscope.  Fatigue  precracking  results 
are  presented  in  Table  22. 

After  fatigue  precracking,  each  of  the  specimens 
was  finish  machined  by  drilling  and  reaming  a 
standard  5/16  in.  nominal  diameter  tapered  hole. 
Introduction  of  this  hole  resulted  in  removal  of 
the  EDM  crack  starter  notch  and  a  portion  of  the 
fatigue  crack  as  may  be  seen  from  Figure  90. 

b.  Fatigue  Crack  Growth  Testing 

Subsequent  to  fatigue  precracking  and  introduction 
of  5/16  in.  nominal  diameter  tapered  holes,  the 
ZLT  Series  5  and  LLT  Series  6  specimens  were 
assembled  with  fasteners  at  a  zero  interference 
level  (neat  fit) .  Testing  of  Series  5  and  6 
specimens  was  performed  at  a  maximum  stress  level 
of  22.0  ksi  and  a  cyclic  frequency  of  30  Hz. 

Cyclic  life  results  as  a  function  of  initial  crack 
size  are  presented  in  Table  23.  No  crack  growth 
data  were  obtained  from  these  specimens  since  the 
crack  was  inaccessible  for  visual  observation 
during  most  of  the  specimen  life. 

Cyclic  life  results  for  the  OH  Series  4  specimens 
are  also  presented  in  Table  23.  In  addition, 
crack  propagation  data  for  these  specimens  were 
obtained  since  visual  access  to  the  crack  location 
was  available  throughout  the  test.  To  facilitate 
crack  extension  measurements,  the  cyclic  frequency 
during  testing  was  varied  from  0.5  to  5  Hz.  All 
testing  was  conducted  at  a  maximum  stress  level  of 
16.5  ksi.  Crack  propagation  results  in  terms  of 
crack  length  versus  cycles  for  each  of  the  three 
specimens  tested  are  presented  in  Table  24. 
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Unfortunately,  observation  of  the  crack  tip  was 
found  to  be  difficult  until  the  crack  grew  to  a 
size  of  about  30%  of  the  hole  diameter,  i.e.,  of 
the  order  of  0.1  in.  in  length.  Thus,  relatively 
little  data  were  obtained  during  the  period  in 
which  the  crack  could  be  presumed  to  have  a 
quarter-circular  shape.  Laboratory  observers 
during  the  experiments  reported  that  the  anodized 
and  lacquered  surface  roughness  inhibited  optical 
resolution  of  the  crack  tip  until  the  crack  grew 
to  the  indicated  size.  In  contrast,  it  is  interesting 
to  note  that  considerably  smaller  than  0.1  in. 
cracks  could  be  resolved  when  growing  out  of  the 
EDM  slot  during  the  precracking  phase  of  the 
experiments. 

c.  Evaluation  of  Results 


It  is  emphasized  that  the  objective  for  performing 
these  relatively  few  crack  propagation  tests  was 
to  provide  some  background  information  whereby  the 
cyclic  life  results  from  specimens  with  various 
fastener  hole  manufacturing  "defects"  could  be 
compared  to  results  from  specimens  with  cracked 
holes.  This  limited  amount  of  crack  growth 
testing  should  not  be  viewed  as  having  the  intent 
of  generation  of  fastener  cyclic  life  design  data. 
Subject  to  additional  analysis  of  these  results, 
it  may  be  possible  via  fracture  mechanics  method¬ 
ology  to  relate  typical  manufacturing  defects  to 
"equivalent"  crack/flaw  sizes. 

Fracture  Surface  Examination 


After  testing  each  of  the  fracture  surfaces,  the 
specimens  were  examined  visually  and  optically  at 
magnifications  up  to  42X  using  a  stereo  binocular 
microscope.  In  each  case,  it  could  easily  be  seen 
that  fatigue  cracking  had  progressed  from  the 
location  of  the  initial  fatigue  precrack;  however, 
the  boundary  of  the  initial  crack  was  not  delineated 
by  any  fracture  surface  markings.  While  the 
precracking  and  subsequent  test  stresses  were  the 
same,  it  was  hoped  that  the  change  in  cyclic 
stress  intensity  resulting  from  the  changes  in 
hole  diameter  (and  hence  crack  size)  between 
precracking  and  crack  growth  testing  would  have 
resulted  in  a  fatigue  "beachmark"  as  the  cr.nck 
resumed  growing.  This  effect,  however,  did  not 
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produce  the  desired  evidence.  Additionally,  the 
lack  of  fatigue  "beachmarkings"  on  the  fracture 
surfaces  precluded  obtaining  direct  information 
regarding  crack  shape  as  a  function  of  crack  size. 
This  information  would  be  necessary  input  for 
proper  calculation  of  stress  intensity  factors. 

The  lack  of  such  information  is  a  significant 
hindrance  to  analysis  of  the  data  in  terms  of 
crack  growth  rate  as  a  function  of  cyclic  stress 
intensity  factor.  No  further  testing  is  contem¬ 
plated  in  this  program;  however,  the  advisability 
of  using  a  fracture  surface  marking  technique  to 
delineate  crack  contours  in  any  future  work  of 
this  type  is  clearly  indicated. 

Cyclic  Life  Results 

Although  fatigue  crack  growth  rate  data  were  not 
derived  from  the  results  of  these  experiments,  the 
cyclic  life  data  offer  opportunity  for  some 
interesting  comparisons.  The  cyclic  life  results 
from  each  specimen,  previously  presented  in 
Table  23,  are  shown  graphically  in  Figure  91. 

From  these  results  it  is  apparent  that  the  cylcic 
life  of  precracked  OH  specimens  was  sensitive  to 
initial  crack  size.  In  contrast,  it  also  appears 
that  the  life  of  LLT  and  ZLT  was  relatively 
insensitive  to  initial  crack  size.  This  apparent 
conclusion  should  be  tempered,  however,  based  on 
the  limited  number  of  results  and  the  obvious 
scatter  in  life  of  ZLT  and  LLT  specimens  having 
about  the  same  crack  size.  Reasons  for  the 
observed  scatter  are  not  clear.  It  may  be  simply 
that  there  was  some  delay  in  reinitiating  fatigue 
progression  from  the  original  precrack.  Another 
possibility  is  variation  in  interference  level  of 
the  fasteners  from  specimen  to  specimen.  As 
stated  previously,  the  nominal  level  of  interference 
was  zero.  It  is  recommended  for  further  work  that 
the  variable  of  interference  level  be  thoroughly 
investigated  as  to  its  influence  on  the  propagation 
of  cracks  from  fastener  holes. 

5.  Fracture  Mechanics  Analysis 

The  fatigue  analysis  of  test  data  contained  in  Sections  VI 
and  VII  of  this  report  was  accomplished  by  the  structures 
design  group  at  the  Lockheed-Georgia  Company.  In 
addition,  a  fracture  mechanics  group  at  Lockheed  was 
asked  to  perform  an  overview  analysis  of  the  same  data 
from  a  fracture  control  standpoint.  A  summary  of  their 
work  is  contained  in  this  part  of  Section  VII. 
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0  .005  .010  .015  .020  .025  .030 

INITIAL  FATIGUE  CRACK  LENGTH  (INCHES) 

Figure  91  -  SPECIMEN  CYCUC  LIFE  AS  A  FUNCTION  OF  INITIAL 
CRACK  LENGTH  ON  FAY  SURFACE 
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Objective 

To  evaluate  equivalent  initial  flaws  corresponding  to 
various  defect  conditions  in  fastener  holes. 


Procedure 


Test  data  were  analyzed  to  give  far  field  and  fastener 
loads.  Standard  Lockheed  fracture  analysis  methodology 
was  used  to  calculate  cycles  for  crack  growth  from  an 
assumed  small  flaw  to  failure. 

To  obtain  the  equivalent  initial  flaw,  the  test  failure 
cycles  were  subtracted  from  the  calculated  cycles  to 
failure.  The  computer  printout  was  then  entered  with 
the  difference  to  find  the  equivalent  initial  flaw. 

The  calculated  cycles  from  the  equivalent  initial  flaw 
to  failure  were  thus  equal  to  the  test  cycles  to 
failure. 

Equivalent  initial  flaws  so  obtained  are  shown  for  each 
group  of  tests  in  Figure  92.  For  each  group  of  tests, 
the  mean  and  standard  deviation  was  calculated.  The 
solid  bar  line  spans  one  standard  deviation  each  side 
of  the  mean.  The  individual  calculated  equivalent 
initial  flaws  are  shown  by  check  marks.  Four  charts 
are  shown,  two  for  low-load  transfer  specimens  and  one 
each  for  open  hole  and  reverse  dogbone  specimens. 


Discussion 


The  calculated  equivalent  flaw  represented  the  initial 
flaw  which  is  calculated  to  give  the  same  crack  growth 
life  as  the  test  specimen.  The  results  are  comparative 
only  and  cross  comparison  of  the  different  specimen 
types  is  not  meaningful.  The  calculated  data  presented 
in  the  charts  can,  however,  be  used  to  compare  the 
relative  effects  of  the  defects  introduced  into  the 
specimens  and  the  benefits  to  be  obtained,  if  any,  from 
fastener  interference. 
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VERIFICATION  OF  PRODUCTION  HOLE  QUALITY 
CORRELATION  OF  TEST  DATA  WITH  ANALYSIS 
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Figure  92  -  VERIFICATION  OF  PRODUCTION  HOLE  QUALITY  -  CORRELATION  OF  TEST  DATA  WITH  ANALYSIS 
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Figure  92  -  VERIFICATION  OF  PRODUCTION  HOLE  QUALITY  -  CORRELATION  OF  TEST  DATA  WITH  ANALYSIS 
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Figure  92  -  VERIFICATION  OF  PRODUCTION  HOLE  QUALITY  -  CORRELATION  OF  TEST  DATA  WITH  ANALYSIS 


Cone lua ions 


•  For  standard  holes,  equivalent  flaws  are  consider¬ 
ably  greater  and  more  scattered  for  intorferonco 
levels  of  .0023"  and  less  (Test  Series  2). 

•  Perpendicular  deviation  of  3*  and  exit  burrs  are 
not  significant  (Tests  Series  7  and  18) . 

•  Barrelling  and  bollmouthing  are  significantly 
detrimental  at  low  fastener  interference.  Hiql\ 
fastener  interference  has  a  less  detrimental 
effect  on  a  bellmouthed  hole  than  on  a  barrelled 
hole  or  on  a  bellmouthed  hole  with  low  inter¬ 
ference  (Tost  Scries  8) . 

•  Axial  scratches  and  rifling  are  detrimental  for 
open  holes  (Test  Series  10  and  11)  but  are 
apparently  not  so  significant  for  filled  holes 
with  interference  fasteners  (Test  Series  19) . 

Here  again,  higher  interference  appears  to  be  less 
detrimental  than  lower  interference  (Tost  Series  19) , 

•  Hole  ovality  is  significantly  detrimental  witli  no 
improvement  from  higli  interference  (Tost  Series 
17,  19  and  22)  . 

•  Surface  roughness  had  a  significant  effect  for 
open  holes  but  surprisingly  low  results  for 

the  125  AA  specimens  ^Test  Series  9) .  Additional 
testing  for  loaded  holes  witli  varying  surface 
roughness  is  rocon\mended. 
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TABLE  1 


matfrtal  documentation 


Nominal  Gage  Section:  0.50”  diameter  x  2.0”  long 
Temperature:  Room  Temperature 

StrLn  Rate  through  0.2%  Yield:  0.005  in. /in. /min. 
Head  Rate  thence  to  Failure:  0.05  in. /min. 


Specimen 

No. 

Location 

5D2T-1 

Top  Transverse 

5D2T-2 

Top  Transverse 

5D2B-1 

Bottom  Transverse 

5D2T-L-1 

Top  Longitudinal 

5D2T-L-2 

Top  Longitudinal 

5D2B-L-3 

Bottom  Longitudinal 

5D2B-L-5 

Bottom  Longitudinal 

U.T.S. 

(ksi) 

.2%  Y.S. 
fksi) 

Elong. 

R.A. 

72.6 

61.4 

10.5 

25.7 

72.4 

61.4 

10.9 

26.4 

74.6 

64.2 

11.8 

32.8 

74.9 

64.7 

11.9 

37.0 

74.1 

65.7 

13.6 

38.1 

75.1 

64.9 

12.7 

42.8 

76.0 

65.7 

12.8 

41.9 
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TABLE  2 


Fatigue  Data  Summary:  Test  Series  I 
Specimen  Type:  Parent  Metal 
Mode:  R  =  0.  1,  Room  Temperature 


Specimen 

Number 

Frequency 

_ (cps) _ 

Max.  Stress 
(kai) 

Cycles 
(x  103) 

Status 

AS -MILLED  SURFACES 

5D4B  7 

42 

54 

Failure 

5D1B 

7 

40 

66 

Failure 

5D3B 

7 

40 

74 

Failure 

6A2B 

7 

37 

103 

Failure 

6A4CB 

7 

32 

191 

Failure 

5D1CT 

7 

27 

1,494 

Failure 

5D3CB 

30 

29 

1,  073 

Failure 
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TABLE  3 


MACHINING  CONDITIONS  USED  FOR  MILLING  THE  SPECIMENS 


Specimen  Blank 

Specimen  Contour 

Cutter  Diameter,  in. 
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2-1/2 
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M2  HSS 

Feed,  in.  /tooth 

.  004 

.  0014 

Cutting  Speed,  ft.  /min. 
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1600 

Tool  Wear,  max. 

.  006 

.  006 

No.  of  Teeth 

8 
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Fluid 

20:1  Soluble  Oil 

Dry 
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Notes:  Fatigue  Testing  at  .  1  ;  FaUure  Origin  Coding  in  Figure  48  :  Cycles  expressed  in  thousands 
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Notes;  Fatigue  Testing  at  R=.  1  ;  Failure  Origin  Coding  in  Figure  48  ;  Cycles  expressed  in  thousands 
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Notes.  Patigue  Testing  at  R-  .  1  ;  Failure  Origin  Coding  in  Figure  48  ;  Cycles  expressed  in  thousands 
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Notes:  Fatigue  Testing  at  R-  .  1  ;  Failure  Origin  Coding  in  Figure  48  ;  Cycles  expressed  in  thousands 
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Notes;  Fatigue  Testing  at  R^  .  1  ;  Failure  Origin  Coding  in  Figure  48  :  Cycles  expressed  in  thousands 
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Notes.  Fatigue  Testing  at  R-  .  1  ;  Failure  Origin  Coding  in  Figure  48  ;  Cycles  expressed  in  thousands 
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Notes;  Fatigue  Testing  at  R-  .  1  ;  Failure  Origin  Coding  in  Figure  48  :  Cycles  expressed  in  thousands 
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Fatiaue  Testing  at  R=  .  1  ;  Failure  Origin  Coding  in  Fig  ire  48;  Cycles  expressed  in  thousands 
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MANUFACTURING,  INSPECTION  AND  FATIGUE  SUMMARY 
Tes'  cries  No.  19 
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Notes:  Fa‘igje  Testins  at  R-  .  1  ;  Failure  Origin  Cod;n2  in  Fig  :re  48  ;  Cycles  expressed  in  thousand 
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irr  48-  Cycles  exnressed  in  thouss-.ds 


TABLE  15 


gfl  FACTOR 


DOGBONE  PLUS  STRAP  TEST  DATA 
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Equivalent  cycles  are  based  on  Dogbono  Plus  Strap  22  ksi  data 

^(Survival  Probability,  Confidence) 
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MANUFACTURING,  INSPECTION  AND  FATIGUE  SUMMARY 
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Notes:  Fatigue  Testing  at  R-  .  1  ;  Failure  Origin  Codina  in  Figure  48  ;  Cycles  expressed  in  thousands 
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Notes:  Fatigue  TestinL-  at  R--.  33;  FaU  ure  Origin  Co'::n2  in  Fig  ire  48  Cycles  expressed  in  thousands 


TABLJE  17  (continued) 

MANUFACTURING,  INSPECTION  AND  FATIGUE  SUMMARY 
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T\ot<'s:  Fatifie  Tf?  s  ti  n  sr  a  t  R  - 33;  Failure  Origin  Coding  in  Fijjr'-  48  :  Cycl  es  expre  psed  in  thousand 


TABLE  18 


OC^  FACTOR 


REVERSE  DOGBONE  TEST  DATA 

Condition 

Number  of 
Data  Points 

(50, 50)* 

Equiv. 

Cycles 

(99,50)* 

Equiv. 

Cycles 

1 

(99,95)* 

Equiv. 

Cycles 

_ 1 _ 

Test  Series  20/21 

Baseline 

5 

0. 3981 

2,  000, 000 

0.6683 

440,  000 

0. 7499 

300, 000 

Ovality 

8 

0. 5035 

1, 000, 000 

0.871 

200,000 

1. 0209 

125,000 

Scratch 

6 

0. 4055 

2, 000, 000 

0.9594 

140,000 

1.  1376 

85,  000 

Rifling 

7 

0.  3926 

2,  000,000 

0.6383 

500,  000 

0.6776 

400, 000 

Test  Series  22 

Baseline 

8 

0. 5585 

700,000 

0.8279 

222,000 

0.867 

195,  000 

Ovality 

7 

0.6368 

490,000 

0.9977 

125,  000 

1.  122 

85, 000 

Scratch 

8 

0. 5715 

700,000 

0.  7551 

300,000 

0. 7834 

270,  000 

Teat  Series  20/21  Combined 

Baseline 

13 

0.4873 

1, 100, 000 

0.8874 

175,000 

0.9532 

140,000 

Ovality 

15 

0. 5623 

700, 000 

0.9908 

125,000 

1.0544 

125,000 

Scratch 

14 

0.4955 

1,000,000 

0. 9462 

140,000 

1.  1455 

85,  000 

Rifling 

7 

0. 3926 

2,000,000 

0.6383 

500,000 

0.6776 

400,000 

* 


(Survival  Probability,  Confidence) 


Equivalent  cycles  based  on  reverse  dogbone  20.5  ksi 
Max.  stress  R  =  0.  1,  Figure  81 


TABLE  19 


gg  FACTOR 


COMBINED  DATA 

Test  Series  2,  7,  8,  17.  18,  19.  21.  22 

Condition 

Number  of 
Data  Points 

* 

(50.  50) 

Equiv. 

Cycles 

xf  . 

m.  50) 

Equiv. 

Cycles 

* 

(99,  95f 

Equiv. 

Cycles 

Baseline 

37 

0.4685, 

472, 000 

0.8344 

75,  000 

0.  8790 

65,  000 

Ovality 

35 

0, 6396 

162, 000 

1.  162 

24, 200 

1.  2215 

19,  500 

Scratch 

22 

0,  4869 

396. 000 

0.  8839 

63,  7o0 

1.  0261 

39,  000 

Rifling 

17 

0, 4368 

576, 000 

0.7112 

120,  000 

0.  7471 

104,  000 

Barrelling 

20 

0.  7178 

117, 000 

0.  9141 

57, 200 

0,  9528 

50,  500 

Perpendicular 
Deviation  -  3° 

19 

0. 4074 

111,  000 

0.6281 

169,  000 

0.  6653 

145,  000 

Bellmouthing 

16 

0.  5047 

349, 000 

1.  122 

27,  700 

1. 2589 

17,  300 

Baseline  with 
Burr  Data 

57 

0.4313 

570, 000 

0.8024 

85. 000 

0. 8562 

66, 000 

Equivalent  cycles  are  based  on  Dogbone  Plus  Strap  2Z  ksi  data 

^Survival  Probability,  Confidence) 


TABLE  20 


SUMMARY  OF  LOAD  TRANSFER  DATA 
ON  DOCnONE/STRAP  SPECIMENS 


TABi  E  20 


SUMMARY  OF  LOAD  T1 
ON  DOGBONE/STRAI 


Test  Series 


Test 

No. 


17  -  Ovality 


Min.  Int. 


229 


230 


19  -  Combined  Variables 


100-  125  AA 


Min.  Int. 


258 


Max.  Int. 


254 


100-  125  AA  with  Scratch 


Min.  Int. 


275 


Max.  Int. 


273 


100-  125  AA  witli  Ril'linn 


Min.  Int. 


322 


Max.  Int. 


100-  125  AA  with  Ovality 


Min.  Int. 


319 


321 


Max.  Int. 


320 


1  Alu  j  :  ^ 


SUMMARY  OF  LOAD  TFA 
ON  rp:vfrsf.  doc. honk 


''‘All  tests  at  100-125  AA  finish  and  mid-spee  intei 


It 


%  Load  Transfer 


Qua  rtor 

Half 

Last 

tart 

Life 

L  i  1  e 

Reading 

Nominal 

l  ABi  K  ^1 


'■'All  tests  at  100-12'i  AA  finish  and  n\id-spec  i 


(continiuHl) 

l'RANSFfc:R  DATA 
•NK  Sl’fX'.lMKNS 


%  Load  Transfer 


Start 

Quarter 

Life 

Half 

L  i  fe 

Last 

Reading 

Nominal 

■HH 

•1.  H 

HB 

t’ 

3.  t 

1.  (> 

1.  1 

1.  (. 

1.  8 

1.  t> 

3.  8 

3.  4 

3.  5 

3 

1.7 

3.  1 

1. ') 

3.  <» 

1.  '> 

3.  0 

3.  3 

1.  4 

-7 

3.  1 

L  3 

3.  7 

4.  i3 

3 

3.-I 

3.  '' 

4.  0 

4.4 

4 

1.  I 

3.  '> 

3.3 

1 .  1 

) 

3.  S 

•L  H 

3.  '3 

4.  S 

4 

1. «' 

-- 

-- 

.  7 

4.  (' 

-- 

... 

1.3 

3.  () 

3.  b 

3.  “3 

3 

.  7 

3.  8 

1.  0 

0.  4 

1 

0 

-- 

3.  (' 

4.  3 

“3.  4 

4 

- 

3.  0 

■3.  3 

'3.  4 

-- 

4 

1.8 

3.  0 

3.  S 

3.  0 

H 

L  7 

3 

B 

2. 

3.  6 

■ 

mm 

5 

iterference  (.  003‘i") 
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I’AIU.E  21 


SUMMARY  OF  LOAD  TRANSFER  DATA 


ON  RFVCRSE  DOT, BONK  SPFXIMENS 


''■All  tosts  at  100-12‘i  AA  finish  and  mid-spoc  interferonoo  (.0035") 
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I'Ani  f  .11  (lOnliinuMl) 


18S 


FATIGUE  PRECRACKING  RESULTS 
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TABIE  23 


CYCLIC  LIFE  RESULTS.  PRECRACKED  SPECIMENS 


Test  No. 


Specimen  Initial  Crack 

No,  Length,  a  (in. ) 


Stress  Freq. 
(ksi)  Hz 


Cyclic  Life 
(x  10^) 


SERIES  4, 

OPEN  HOLE 

233 

5B1CT 

.012 

16.5 

(a) 

70 

243 

5A2T 

.024 

16.5 

(a) 

43 

244 

3C3T 

.029 

16.  5 

(a) 

37 

SERIES  5, 

ZERO  LOAD 

TRANSFER 

217 

5B1B 

.008 

22 

30 

28 

218 

4E3T 

.009 

22 

30 

38 

231 

3B6B 

.022 

22 

30 

30 

SERIES  6, 

LOW  LOAD  TRANSFER 

219 

3D5B 

.021 

22 

30 

28 

220 

3D4B 

.029 

22 

30 

24 

232 

4C2T 

.030 

22 

30 

36 

Test  crack 

size  ^  .  002  in. 

(a)  da/dn  crack  growth  data  taken.  Frequency  varied  from  5  to  .  5  Hz. 


L 
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table  24 


OPEN  HOLE  SPECIMENS  -  SERIES  4 
16.  5  ksi  max.  stress,  0.  5-5  Hz  cyclic  frequency 


Specimen  No. 


Crack  Length,  a  (in. 


Fatigue  Cycles 
(x  10^) 


5B1CT 


.113 
.  128 
.  131 
.  134 
.  136 
.  137 
.  142 
.  148 
.  150 
.  169 
.  170 
.  183 
.  184 
.  198 
.209 
.213 
.219 
.232 
.243 
.246 
.267 
.277 
.294 
.299 
.  303 
.  328 
.341 
.362 
.377 
.395 
.398 
.415 
.444 
.500 


36.5 

38.5 
39.  3 

39.  5 
40.0 

40.  1 

40.4 

40.7 

43.7 
44.0 

44.3 

45.7 
48.  1 

49.5 

53.5 

54.2 

54.8 

55.4 
56.0 

56.5 
57.0 

58.2 

58.9 

59.5 
oO .  0 
60.  5 
61.0 
62.0 

62.5 
63.0 
63.  5 
64.0 
65.0 

66.5 
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TABLE  24  ^continued) 


Fatigue  Cycles 


Specimen  No, 

Crack  Length,  a  (in. ) 

(x  10^) 

5B1CT 

.540 

67.5 

.561 

68.0 

.603 

68.5 

.608 

68.9 

.632 

69.25 

.650 

69.4 

.673 

69.65 

.755 

70.05 

70.948  (fracture) 

t 

5A2T 

.112 

21.38 

! 

.142 

23.5 

; 

.151 

24.5 

.  167 

25.46 

s 

.  185 

26.42 

t 

.201 

27.32 

.201 

27.85 

.213 

28.4 

.238 

29.6 

,260 

30.65 

.281 

31.38 

.296 

32.25 

.316 

33.06 

.346 

34.0 

i 

.365 

34.81 

.392 

35.5 

.415 

36.23 

i 

.445 

36.91 

i 

\ 

.458 

37.45 

.487 

38.03 

t 

.504 

38.43 

.524 

38.82 

.548 

39.28 

.568 

39.63 

.584 

39.9 

) 

.610 

40. 13 

.  630 

40.4 

f 

.653 

40.63 

1 

.679 

40.84 

[ 

.701 

40.96 

42.81  (fracture) 

I' 
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A 


TABLE  Z4  (continued 


Fatigue  Cycles 


Specimen  No.  Crack  Length,  a  (in. )  _ (x  10^) 


3C3T  .147  18.4 

.153  19.3 

.164  20.5 

.182  21.5 

.205  22.72 

.223  23.48 

.244  24.46 

.264  25.5 

.274  26.2 

.299  27.5 

.351  28.5 

.359  29.38 

.367  30.07 

.388  30.5 

.428  31.5 

.466  32.5 

.499  33.4 

.536  34.0 

.574  34.5 

.609  35.0 

.653  35.4 

.676  35.62 

36.  9  (fracture) 
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A  P  P  E  N  D  I  X 


Pago 


MANUEACTURl':  OF  S'lM^Al’  SPECIMENS  192 

vSTATISTlCAl.  EVALUATrON  OF  FATK^UE  l‘)r) 

TEST  DATA 

ACARD  SMP  SUBCOMMITTEE  ON  CRITICAL, I, Y  200 

LOADED  HOLE  TECHNOLOGY 

EVALUATION  OF  TAPERED  BliADE  CUTTER  225 
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manufacture  of  strap  specimens 
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^mNUFACTURl^  OF  STRAP  SPECIMENS 
OPERATION  SHEET 


1.  Insert  stiiip  and  clamp  specimen  iti  drillinq  fixture. 

2.  Center  drill  (#2)  two  holes. 

J.  Drill  (19/()4  in.  dia.)  two  holes. 

4.  Taper  ream  and  countersink  (Omark  dri 1 1 - reamer ) . 


5.  Check  depth  of  countersink  with  flushness  qaqe. 

6.  Check  protrusion  usinq  fastener  and  taq  fastener 
with  the  hole  number. 

7.  Check  perpendicularity  \isinq  same  fasteners. 

8.  Remove  specimen  from  drillinq  fixture  and  wipe  off 
chips  and  cuttinq  fluid  with  naphtlia  and  wipe  with 
dry  raq. 

9.  Reposition  strap  on  specimen  and  v^ress  fasteners 
firmly  into  lioles  to  locate  strap. 

10.  Clamp  specimen  in  inspection  fixture  and  remove 
fasteners . 

11.  Visually  inspect  each  hole. 

12.  Measure  hole  surface  finish  (Clevite  Sur fanaly zer  7100 
System) . 

IJ.  Insert  capacitance  qaqe  probe  in  eacli  l\ole  and  record 
qaqe  settinq  (Omark  capacitance  qaqe) . 

14.  Insert  air  qaqe  probe  in  each  liole  and  rotate  probe 
recordinq  hiqh  and  low  readinqs  at  each  or  i  five 
location. 

15.  Perform  blueinq  check  on  each  hole  (Prussian  blue). 

16.  Remove  blueinq  from  holes  and  wipe  specimen  surfaces 
with  a  naphtha  soaked  raqe  then  wipe  witli  a  clean 
dry  raq. 
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17.  Apply  sealant  (STM40-112,  Class  B-12)  to  fay  surfaces 
at  each  end  of  strap  and  to  hole  surfaces. 

18.  Apply  sealant  (STM  40-112,  Class  D-12)  to  fasteners. 

19.  Position  strap  and  install  fasteners. 

20.  Torque  fasteners  to  80%  of  specified  torque  and  let 
stand  for  30  minutes. 

21.  Torque  fasteners  to  specified  torque. 

22.  Store  specimens  for  120  hours  or  until  sealant  is 
tack  free. 

23.  Specimen  is  now  ready  for  test. 
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STATISTICAL  EVALUATION  OF  FATIGUE  TEST  DATA 
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Notation 


P 


P 


F 


P 


S 


N 


X 


u 

jzi  (u) 
i 


Probability 

Probability  of  failure 

Probability  of  survival  (1  -  Pp) 

Number  of  specimens  in  test  series 

Dependent  variable  (load  cycles  to  failure, 
cyclic  test  hours,  events,  etc.) 

Logarithmic  transformation  of  dependent 
variable  (Log  N) 

Standardized  variate  in  normal  distribution 
function 

Standardized  normal  distribution  function 
Order  ranking  subscript 

Number  of  standard  deviations  corresponding 
to  specified  confidence  level 


The  following  equivalence  relations  between  probability  and 
normal  distribution  function  values  are  used  in  the  following 
analysis : 


P  =  ^  (Up)  , 

P  ^  .  5 ;  Up  ^  0 

Up  =  (P) 

,  Up  ^  0 ;  P  ^  .  5 

Analysis 

Consider  a  test 

series  of  n„  identical  specimens. 

The 

probability  of  failure  is 

i/  (ns  -  1) 

(1) 

hence 

"si  = 

1  -  Pp.  =  1  -  i/  (ns  -  1) 

(2) 
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Tho  test  and  computed  data  can  be  displayed  in  a  table  as 
shown  below: 


Failure  Rank 
Order  No. 


Dependent  Log 

Variable  Ni 


Probability  Standardized 
of  Survival  Variate 


i  Ni  Xi  Pg. 

1  low 

2  1 


iig  high 


V^o  compute  next  quantities  required  for  linear  regression  analysis 
i  =  ny 


X  =  i 


nc 


I 

i  =  1 


(3) 


Sv  = 


(  i 


1  ^  2  -2' 
"S  ^  i 
i  =  1 


1/2 


(4) 


u. 


1 

n. 


i  *  ns 

I 

i  =  1 


u 


Si 


(5) 


'u 


Lnc 


i  »  ns 

r 

i  -  1 


“si'  -  “s] 


1/2 


(6) 


cxu 


Ti  ^  “  "s 

(--  r  x.u 

L  ng  2*  1 


c  .  )  -  X  U 

.  S 


i  =  1 


(7) 
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(8) 


XU 


cxu,  s  s„ 

X  ^ 


Ee  =  S 

X 


E-  =  S 
Su  u 


(1  -  1) 


1/2 


1/2 


(9) 


(10) 


The  quantity  (equation  8)  is  the  sample  correlation  coefficient 


Application  of  Data 

The  data  developed  in  equations  (3)  through  (10)  can  be  used 
in  two  different  ways. 

(1)  To  determine  with  specified  confidence  the  value  of  the 

dependent  variable  which  corresponds  to  a  given  probability 
of  survival. 

The  number  of  normalized  standard  deviations  which 

corresponds  to  the  probability  of  survival  P„  is 

s 

(Pg)  (11) 

The  number  of  standard  errors  of  the  estimate  which 
corresponds  to  the  specified  confidence  level  is 

t  =  0'^  (P^)  (12) 

c  ^ 

We  have  then 


LOG  N_.  =  Xg^  =  Sx/Su  •  (Ug^  -  Ug)  +  X  -  t^Eg^  (13) 

(2)  To  determine  with  specified  confidence  the  probability 
of  survival  which  corresponds  to  a  given  value  of  the 
dependent  variable  N,  =  LOG  N. 
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The  number  of  normalized  standard  deviations  which 
corresponds  to  the  unknown  probability  of  survival 


^Sn  "  ^ 


(14) 


We  have  then 


Un  =  Su/Sx  •  rj^^^  (Xjj  -  X)  +  Ug  -  t^Eg^ 


(15) 
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AGARD  SMP  SUBCOMMITTEE  ON  CRITICALLY  LOADED  HOLE  TECHNOLOGY 
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INTRODUCTION 


A  pilot  program  has  been  initiated  by  the  AGARD  SMP  Sub¬ 
committee  on  Critically  Loaded  Hole  Technology  in  an  effort 
to  promote  a  mutual  confidence  in  fatigue  test  data  generated 
by  participating  countries.  The  successful  completion  of 
the  program  will  lead  to  a  more  uniform  quality  of  fatigue 
testing  and  evaluation  of  critically  loaded  hole  parameters 
among  its  participants.  The  objectives  of  the  three-phase 
program  are  as  follows: 


Phase  I:  Generate  baseline  open  hole  fatigue  data 

in  order  to  examine  laboratory-to- 
laboratory  variations 


Phase  II:  Reaffirm  the  exchangeability  of  baseline 

data  and  investigate  the  effect  of  hole 
quality  on  open  hole  fatigue  specimens 


Phase  III:  Conduct  independent  fatiaue  evaluations 

of  various  fatigue  iniprovement  fasteners 
and  exchange  data. 


Participants  in  the  program  included  representatives  from 
Belgium,  France,  Germany,  Italy,  Netherlands,  Sweden, 

Turkey,  United  Kingdom,  and  the  United  States.  All  specimens 
for  the  program  were  prepared  by  Metcut  Research  Associates 
Inc.  from  a  single  heat  of  7050  material  procured  from  Alcoa 
in  the  form  of  7050-T76  bare  sheet,  0.196  in.  (5  mm)  thick. 
Battelle's  Columbus  Laboratories  (BLC)  were  designated  as 
the  USA  testing  facility. 

The  report  contained  herein  details  the  results  of  the 
Phase  I  effort. 
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MANUFACTURE  OF  SPECIMENS 


The  material  for  the  AGARD  SMP  Critically  Loaded  Hole 
Technology  Program  was  7050-T76  aluminum  alloy.  This  material 
was  received  in  sheets  approximately  .196  in.  x  44.5  in.  x 
96  in.  The  chemical  composition  and  mechanical  properties, 
as  supplied  by  the  production  facility  (Aluminum  Company  of 
America),  are  given  in  Table  Al. 

Because  the  specimens  were  tested  in  the  as-received  or  as- 
milled  condition  the  sheets  of  aluminum  alloy  were  procured 
with  protective  coating  on  each  side  to  prevent  scratching 
or  other  surface  blemishes  during  shipment.  A  sketch  showing 
the  layout  of  the  specimens  is  shown  in  Figure  Al  .  The 
blanks  were  cut  out  per  the  sketch  using  a  Grob  bandsaw 
cutting  at  approximately  300  ft.  per  minute.  After  cutout, 
the  edges  were  milled  using  the  conditions  given  in  Table  A2 . 
This  was  followed  by  contouring  of  the  gage  section  per  the 
conditions  in  Table  A3.  The  hole  located  in  the  center  of 
the  gage  section  was  produced  in  a  three-step  operation: 


Step  1:  Drill  at  660  rpm,  .002  in.  per  revolution, 

7/32  in.  diameter  hole 

Step  2:  Ream  at  660  rpm,  hand  feed,  .243  in. 

diameter  hole 

Step  3:  Ream  at  660  rpm,  hand  feed,  .251  in. 

diameter  hole 


After  drilling,  the  edges  of  the  hole  and  gage  area  were 
radiused  using  a  carbide  form  cutter  having  a  1/32  in. 
radius.  This  operation  was  followed  by  longitudinal  polishing 
of  the  edges  of  the  gage  area  and  was  accomplished  by  use  of 
180  grit  aluminum  oxide  paper.  The  specimens  were  then 
packaged  for  shipment  to  the  participants  as  specified  in 
Table  A4 .  Each  country  received  the  specimens,  a  letter  and 
a  packing  slip  identifying  their  specimens. 

Residual  stress  reading.-3  were  taken  on  the  surfaces  of  three 
sample  holes.  (A  sample  hole  was  reamed  in  a  coupon  following 
the  reaming  of  each  specimen  hole  in  order  to  duplicate  the 
type  hole  in  each  specimen).  Three  of  these  holes  (Nos.  10, 

50  and  90)  were  used  for  surface  stress  identification. 

Residual  stress  measurements  by  the  x-ray  diffraction  method 
were  required  on  the  circumference  of  three  holes  that  had 
been  drilled  and  double  reamed  in  a  7050-T76  aluminum  test 
coupon.  The  determinations  were  made  at  a  point  at  the  mid¬ 
thickness  of  the  coupon  in  the  tangential  direction  with 
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respect  to  the  hole  periphery.  In  order  to  make  these 
measurements,  a  wedge  containing  approximately  120  degrees 
of  the  hole  periphery  was  sectioned  from  each  coupon. 

The  size  of  the  incident  x-ray  beam  used  to  measure  the 
stresses  was  approximately  0.1  x  0.1  inches.  The  value  of 
the  elastic  constant  E/(l  +  v)  in  the  direction  normal  to 
the  (311)  plane  was  obtained  previously  by  calibration  for 
7075-T76  aluminum,  an  alloy  similar  to  7050-T6  in  chemical 
composition  and  mechanical  properties.  Determination  of  the 
single  crystal  elastic  properties  for  7050-T6  aluminum  alloy 
was  outside  the  scope  of  this  investigation. 

Residual  stresses  measured  in  the  threi.  holes  are  listed 
below.  Compressive  stresses  are  reported  as  negative  values. 


Hole  No.  Residual  Stress  (x  lO^psi) 


10 

-5.8 

50 

-9.4 

90 

-5.6 

Due  to  the  limited  scope  of  this  stress  analysis,  the  stress 
relaxation  resulting  from  the  sectioning  of  the  test  coupons 
was  not  monitored.  Because  of  general  systematic  errors, 
the  large  beam  size,  and  the  lack  of  stress  relaxation  data, 
the  measured  stresses  do  not  necessarily  represent  the  total 
residual  stress  present  in  the  holes  before  sectioning. 

Since  the  same  measurement  procedures  were  used  on  each 
sample,  a  relative  comparison  of  results  is  considered  to  be 
meaningful . 

The  information  obtained  is  contained  in  Figures  A2 ,  A3  and 
A4. 
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FIVE  POINT  parabolic  DIFFRACTION  PEAK  STRESS  ANALYSIS 


1 


Qt: 

z> 

\ 


o 

o 

r~ 

It 


LU 

o 

X 

t> 

rs4 

« 

00 

o 

fv 

r- 


o 

o 

□0 

rsi 

(M 

I 

u 

o 


• 

> 

<o 

Ml 

UJ 

o 

O  iA 

o 

o 

o  u 

• 

t 

H- 

o 

o 

(/I 

1 

1  oo 

♦ 

♦  • 

1 

o 

♦ 

fO 

Kl 

1 

X 

rg 

rg  ♦ 

UJ 

oo 

o 

h- 

• 

•  x> 

a. 

oo 

oc  • 

UJ 

Kl 

Kl  *A 

> 

^  I 

o 

lA 

t-  (1 

x 

rg 

rg  lA 

rg 

iVi  lA 

• 

•  UJ 

T“ 

»—  oc 

(A 

UJ 

IL  fVJ 

•4  U  r- 

o 

gj  oc  p- 

OO 

f-i  Op 

rn  o  »- 

rg  o 

UO  fO  iA 

*-  o 

00  >0  lA 

lA 

•4  lA  >» 

p- 

• 

•  •  • 

•  • 

.  .  . 

• 

•  >1 

»-  -4  <0 

r-  M 

lA  >*  t> 

-o 

QC  ^ 

N'l  O  fO 

•4  rg 

r-  O  «- 

rsj 

O  fM 

(\i  rvj  f\i 

f\J  r- 

f*  ir-  T- 

f-N 

KJ 

h-i 

«A 

U 

w 

o 

o  a  o 

o  o 

a  o  o 

o 

UJ 

vA  fN.  f\J 

O  00 

■O  IM  >4 

lA  • 

iL 

O'  <o 

>4  O 

r-  m  00 

O' 

►H  • 

•  «  • 

•  • 

•  •  • 

•  r'* 

•-  a 

rg  O 

r-  O 

tA  lA 

o 

rg 

»-  O  T- 

rg  o 

W>  oo  o 

a 

r* 

T"  r-  ^ 

r- 

i 

• 

•*  a 

a  o  o 

CJ  o 

a  o  o 

LJ  O 

•-  o 

o  o  o 

o  o 

o  o  o 

O  K> 

UJ 

U>  ^ 

K)  in 

g)  (J>  fr« 

'T  00 

X  • 

v  •  • 

•  v 

•  • 

•  OO 

►-  oc 

TO  (W  o 

O  00 

CO  00  ^ 

o 

ro 

fo  ro  fA 

K>  Kl 

fO  K>  rA 

ro 

IM  t- 

r»  ^  r* 

^  r- 

T-  T-  r- 

M 

o 

o 

r> 

*-<  o 

o 

> 

tn  o 

O 

♦ 

Q.  • 

1 

V- 

o 

g> 

w* 

X 

UJ 

‘X 


h- 

fvj 

ro 

O 

O 

O 

• 

o 

I 

II 

«c 

a: 

f- 

(/> 


o 

o 

o 

o 

• 

o 

I 

II 

o 


o 


1!^ 

§ 

o 


in 

H 

in 


■i 


in 

in 

W 

H 

in 


ro 

n. 


^  * 

o 

M 


U 


111 

In 


H 

O 

u 

H 


Oi 

I 

(N 


0) 

M 

& 

•H 

pii 


205 


.j 


METCUT  RESEARCH  ASSOCIATES  INC 
CINCINNATI,  OHIO 


• 

00 

o 

• 

> 

r>. 

>o 

Z 

UJ 

o 

a 

iO 

o 

a 

o 

u. 

• 

• 

• 

w 

• 

o 

o 

Z 

1 

1 

00 

hH 

♦ 

♦ 

• 

1 

o 

(/) 

-f 

ro 

00 

1 

Ik 

X 

«- 

♦ 

ro 

>• 

C£ 

Ui 

00 

o 

O 

►- 

• 

• 

o 

< 

C/) 

QC 

00 

00 

• 

o 

z 

% 

UJ 

ro 

ro 

u^ 

• 

< 

oe 

> 

«“ 

r“ 

1 

o 

1 

t/i 

o 

(/> 

\ 

ro 

CO 

II 

iii 

o 

g) 

rg 

M 

QC 

o 

< 

ro 

ro 

z 

rg 

rg 

to 

l-U 

(/) 

rg 

rg 

to 

< 

UJ 

o 

• 

• 

UJ 

QC 

W 

r* 

T“ 

QC 

h- 

< 

O 

r- 

t/> 

Ui 

X 

(/) 

CL 

o 

UJ 

Z 

IL 

o 

00  00  <3 

O 

o  rg 

iA 

o 

• 

00 

fo  rg  T- 

ro 

rvj 

r-  >0 

00 

CO 

00 

►- 

rg 

^  rg  30 

>o 

o  rg 

►- 

o 

« 

<  •  1 

• 

• 

•  « 

• 

• 

h- 

• 

rg 

T-  ro  oc 

ro 

uy 

o  «> 

00 

CO 

< 

QC 

fO 

O  •j'  O 

># 

N.  ro 

O 

o 

QC 

O 

tr\ 

kO  lA 

CO 

t-  r- 

r- 

»“ 

u. 

Ui 

HH 

to 

u 

O 

O 

O  O  O 

O 

o 

O  O 

O 

O 

w 

o 

UJ 

o 

o  rO  00 

fs- 

o  oo 

ro 

nI- 

• 

►H 

Z 

00 

^*■>0  00 

c^ 

^  lA 

00 

o 

r- 

M 

• 

•  •  1 

• 

• 

•  • 

• 

• 

o 

►- 

o 

O  00  t- 

rg 

fO 

ro  o 

rw 

CD 

rg 

t-  o>  rg 

ro 

ro  T- 

rsi 

«4- 

< 

f\j 

rg  T-  rg 

rg 

»-  r" 

»“ 

QC 

1 

< 

♦ 

< 

CL 

• 

< 

o 

o  c  o 

o 

o 

C  O 

o 

O 

o 

00 

Z 

o 

H- 

o 

o  o  o 

O 

o 

o  o 

o 

o 

ro 

ro 

i-l 

o 

UJ 

m 

>»  Ch  rg 

ro 

o 

'O 

00 

O 

o 

00 

X 

t 

•  t  • 

• 

f 

•  • 

• 

• 

JO 

o 

CL 

fVi 

u- 

00 

00  00  > 

Ch 

00 

00  O 

o 

o 

o 

rsj 

ro 

ro  ro  ro 

ro 

ro  ro  ro 

ro 

ro 

• 

UJ 

(\J 

T-  ^  «r- 

T“ 

r- 

o 

> 

a 

1 

II 

II 

o 

a 

o 

o 

a 

o 

> 

uo 

o 

o 

■f 

0. 

• 

• 

r- 

h- 

a 

CO 

w 

'f 

UJ 

UJ 

o 

207 


Figure  A4  -  PARABOLIC  DIFFRACTION  PEAK  STRESS  ANALYSIS  OF  HOLE  90 


GENERATION  OF  THE  FALSTAFF  SPECTRUM 


In  order  to  insure  that  all  participants  apply  the  same 
cyclic  loads,  each  country  was  to  test  specimens  under  the 
FALSTAFF  (Fighter  Aircraft  Loading  STAndard  for  Fatigue) 

This  spectrum  was  developed  in  Europe  and  is  in  common  use 
among  the  AGARD  participants  in  this  program. 

The  BCL  fatigue  load  control  program  was  generated  using  the 
computer  program  detailed  in  the  definitive  description  of 
the  FALSTAFF  spectrum,  dated  March  1976.  The  flight-by- 
flight  load  steps  were  generated  on  the  BCL  CDC  6400  main 
computer  and  stored  on  magnetic  tape.  The  load  steps  were 
also  printed  out  and  checked  carefully  against  the  above 
noted  FALSTAFF  description.  Zero  load  was  defined  to  be  at 
load  step  7.5269  of  the  32  available  load  steps.  A  second 
magnetic  tape  was  generated  (compatible  with  the  fatigue 
laboratory's  Hewlett  Packard  2100  computer)  converting  the 
load  steps  to  percentages  of  full-scale  load.  This  information 
was  also  stored  on  the  laboratory  computer  disc  unit. 

PROGRAM  CONTROL 

This  section  describes  the  BCL  system  and  equipment  used  to 
apply  and  control  FALSTAFF  program  loads.  In  general,  the 
HP  2100  computer  provides  load  steps  to  a  hybrid  unit  which 
generates  a  constant  ramp  rate  function  for  the  MTS  20,000- 
pound  (88,960  N)  closed-loop  electrohydraulic  fatigue 
machine.  A  null  pacing  unit  makes  a  constant  comparison  of 
programmed  load  to  load  cell  output  and  signals  the  hybrid 
unit  when  the  programmed  load  has  been  reached,  at  which 
time  the  ramp  direction  is  reversed  and  a  new  load  is  called 
from  the  computer.  This  procedure  continues  until  a  preprogrammed 
number  of  flights  has  been  reached  or  until  the  test  specimen 
fails.  A  graphic  presentation  of  the  program  control  cycle 
is  presented  in  Figure  A5.  A  secondary  computer  subrouting, 
STATS,  makes  it  possible  to  determine  the  flight  number, 
totol  number  of  cycles,  and  percent  of  a  pass  through  the 
spectrum  completed  at  the  moment  of  questioning. 

Pretest  Checks 


Prior  to  initiating  the  fatigue  test  program,  a  spare  specimen 
(without  a  hole  in  the  test  section)  was  instrumented  with 
two  strain  gages  located  near  the  specimen  edge  on  each  face 
of  the  specimen.  The  output  of  the  four  strain  gages  made 
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Figure  A5  _  PROGRAM  CONTROL  CYCLE 
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it  possible  to  determine  specimen  bending  and  buckling  (if 
any  existed)  and  to  confirm  that  dynamic  loads  matched 
static  calibration  loads. 

Bending  Check 

Strain  gage  data  were  obtained  at  incremental  load  steps  for 
loads  to  an  equivalent  of  38  ksi  (262  MPa)  maximum  and  - 
19  ksi  (131  MPa)  minimum.  Data  were  obtained  for  three 
loading  cycles.  The  strain-load  data  were  submitted  to  a 
linear  regression  analysis  with  resulting  r2  static  values 
ranging  from  1.000  to  .9994.  Strain  values  were  computed 
for  the  load  equivalent  of  30  ksi  (206.85  MPa)  gross  stress. 
Analysis  of  the  strain  values  indicated  that  the  maximum 
error  due  to  specimen  bending  was  1.45  percent.  Analysis  of 
the  compressive  load  data  indicated  that  no  buckling  could 
be  detected. 

Static-Dynamic  Loads  Check 

Comparison  of  strain  gage  output  and  calibrated  load  cell 
output  indicated  a  maximum  axial  load  error  of  1.33  percent 
at  38  ksi  (262  MPa)  static  load.  Application  of  cyclic 
loads  at  the  same  level  provided  the  same  strain  outputs. 

FALSTAFF  Loads  Check 

The  specimen  was  subjected  to  FALSTAFF  loads  cycling  and 
ramp  rate  and  MTS  unit  controls  were  adjusted  so  that 
fatigue  machine  load  output  matched  the  command  signal 
(reference  Figure  A6) .  The  controls  were  not  changed  during 
the  rest  of  the  test  program  and  the  mean  cyclic  rate  was 
determined  to  be  10.5  Hz. 
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TEST  RESULTS 


Fatigue  Test  Program 

Fatigue  test  specimens,  as  supplied  by  Metcut  Research 
Associates  Inc.  were  selected  at  random.  The  initial 
specimen  1F37  was  cycled  at  a  reference  (gross)  stress  level 
of  FALSTAFF  spectrum  (Step  32)  of  31  icsi  (213.7  MPa)  and 
testing  was  discontinued  With  no  failure  after  11,285  flights. 
Specimen  1F40  was  cycled  at  a  reference  stress  of  34  ksi 
(234.4  MPa)  and  failed  at  9728  flights.  The  latter  reference 
stress  was  then  approved  by  the  Project  Monitor  for  use  on 
the  remaining  five  fatigue  specimens.  A  summary  of  the 
fatigue  test  data  is  presented  in  Table  A5  and  detailed  data 
sheets  are  included  as  Figure  A9.  Examples  of  typical 
failure  surfaces  are  shown  in  Figures  A7  and  A8 .  In  all 
cases,  fatigue  failures  initiated  at  the  open  hole  near  the 
sheet  mid-thickness . 

Tensile  Test  Program 

Tensile  coupons  provided  by  Metcut  Research  were  tested  in 
the  Mechanical  Test  Laboratory  on  August  4,  1977.  Tests 
were  conducted  in  a  Baldwin  60,000-pound  (266.890  N)  capacity 
Universal  test  machine.  Room  temperature  was  69  F  (21  C) 
and  the  relative  humidity  was  60  percent.  The  loading  rate 
was  controlled  at  100  ksi/min.  (689.5  MPa/min) .  The  results 
of  the  tensile  tests  are  presented  in  Table  A6. 


SUMMARY  AND  CONCLUSIONS 


Because  of  the  care  taken  to  insure  that  the  FALSTAFF  spectrum 
had  been  carefully  reproduced  and  continuous  checks  made 
during  the  setup  procedure,  it  is  believed  that  the  fatigue 
data  are  truly  representative  of  the  lives  that  can  be 
expected  for  this  test  condition.  This  is  confirmed  by  the 
low  standard  deviation  for  the  data  (well  within  normally 
obtained  values) .  It  is  expected  that  the  Phase  II  results 
will  yield  results  of  similar  quality.  As  a  result  of  this 
phase,  all  participating  nations  should  be  encouraged  to 
continue  with  Phase  II  of  the  program. 
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Alt  rORCE/AFML  -  KETCtTT  RESEARCH  SPONSORED 
ACAID  CRITICALLY  LOADED  HOLE  TECHNOLOGY  PROGRAM 

TESTS  CONDUCTED  BY:  BATTELLE'S  COLUMBUS  LABORATORIES 

STRUCTURAL  MATERIALS  AND  TRIBOLOGY  SECTION 
STRUCTURAL  FATIGUE  UBORATORY 

Itatt  of  Teit:  Start  j ^  ^  ^*7  *7 _  Eo4  *T  ~  Q  _ 

Maaufacture/Kodcl  of  Fatigua  Teat  Machlna:  ^  O  ^ 

Taat  Temperature:  (t  ^ _ ®F  (  3iO  _ ®C) 

Ralatlve  Humidity:  _ _  (X) 

Reference  (Croee)  Streei  Level  of  FALSTAFF  Spectrum  (Step  32) 

.?y _ kal  (  ’2^4»4 _ ^KPa) 

Specimen  Identification:  /  ~  J"  — ~  ^  0 

Specimen  Bending  at  Minimum  Load:  AJOA^iz,  1 

Specimen  Bending  at  RMS  Mean  Load:  / ,  4 ^  I 

RMS  Mean  Cyclic  Frequency:  (0  i  Ri 

Number  of  Fllghte  to  Initial  Visible  Crack:  Q  !  _ Flights 

Sise  of  Initial  Visible  Crack:  t  In.  (  / 1  Z.  7 _ mm) 

Number  of  Flights  to  Catastrophic  Failure:  ^7  3.  }*  Flights 

Fatlguc’Crack-Inltlatlon  Site:  W  MoCjg^  AT  rrs  i  C>  'T'HiG  vtf  S 


Sketch 


Description  of  Abnormalities: 


IS.  Description  of  Buckling  Restraint  (If  Used): 


Figure  A9  -  DATA  SHEETS 
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AIK  rORCE/AFKL  -  KETCITT  RESEARCH  SPONSORED 
ACAKD  CRITICALLY  LOADED  HOLE  TECHNOLOGY  PROGRAM 

TESTS  CONDUCTED  BY:  BATTELLE'S  COLUMBUS  UBORATORIES 

STRUCTURAL  MATERIALS  AND  TRIBOLOGY  SECTION 
STRUCTURAL  FATIGUE  LABORATORY 

1.  Date  of  Teit:  Start  ~  ^  ~7  End 

2.  Hanufacture/Modcl  of  Fatigue  Teet  Machine:  X/)  /i  !  P 

3.  Teat  Tenperature:  _ f  _  ®F  ( _ ^  O _ ®C) 

4.  Relative  Humidity;  f'  ^ _  (X) 

5.  Reference  (Groii)  Screaa  Level  of  FALSTAFF  Spectrum  (Step  32) 


3  ^  k«l  (  a3  4i4  MFa) 


4. 

Specimen  Identification:  j  P- 

7. 

Specimen  Bending  at  Minimum  Load:  AJo^C^ 

t 

S. 

Specimen  Bending  at  RMS  Mean  Load:  / 

1 

f. 

RMS  Mean  Cyclic  Frequency;  /C).  ^ 

Hs 

10. 

Nunber  of  Flights  to  Initial  Visible  Crack: 

— 

Flights 

11. 

Slse  of  Initial  Visible  Crack:  - 

In.  ( 

n) 

12. 

Number  of  Flights  to  Catastrophic  Failure: 

_ 93  _ 

Flights 

13. 

Fatlgue-Crack-Inltlatlon  Site;  /y  A/G-A^L  yvMO  T7^/C 

Sketch 


14.  Description  of  Abnormalities: 


IS.  Description  of  Buckling  Restraint  (If  Used): 


Figure  A9  “  DATA  SHEETS  (continued) 
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AIK  rORCE/AFKL  -  METCirT  RESEARCH  SPOHSORED 
ACAU)  CRITICALLY  LOADED  HOLE  TECHNOLOGY  PROGRAM 

nSTS  CONDUCTED  BY:  BATTELLE'S  COLUMBUS  LABORATORIES 

STRUCTURAL  MATERIALS  AND  TRIBOLOGY  SECTION 
mOCTURAL  FATIGUE  LABORATORY 


1.  Datt  of  Teat:  Start 


Knd 


2.  Maaufacturc/Model  of  Fatigue  Teat  Machine:  ^  S  p  D 


3.  Teat  Temperature: 

4.  Relative  Humidity: 


Of 

a) 


(  7~0 


5*  Reference  (Croaa)  Streaa  Level  of  FALSTAFF  Spectrum  (Step  32) 

_ (  17:^  A  MPa) 

4.  Specimen  Identification:  /  Jp  (i  ^ 


7.  Specimen  Bending  at  Minimum  Load:  /\J  l'  rJ  ^ 

t<  Specimen  Bending  at  RMS  Mean  Load:  )  i  4  ^ 

t.  RMS  Mean  Cyclic  Frequency:  _ /  ^  & _ 


X 

X 

Rz 


10.  Number  of  Fllghta  to  Initial  Vlalble  Crack: 

11.  Size  of  Initial  Visible  Crack:  - 


In.  ( 


12.  Humber  of  Flights  to  Catastrophic  Failure: 


®C) 


Flights 


Flights 


13.  Fatlgue-Crack-Inltlatlon  Site;  I/O  fAoU<f  T?-( 'C  fJtsS i 


14.  Deacrlptlon  of  Abnormalities: 


Sketch 


13. 


Description  of  Buckling  Restraint  (If  Used): 


_ fcioN£ 


Figure  A9  -  DATA  SHEETS  (continued) 
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1. 

2. 

3. 

4. 

5. 

4. 

?. 

8. 

f. 

10. 

11. 

12. 

13. 


14. 

15. 


AIK  rORCE/AFML  -  METCt/T  RESEARCH  SPONSORED 
ACAKD  CRITICALLY  LOADED  HOLE  TECHNOLOGY  PROGRAM 

TESTS  CONDUCTED  BY:  BATTELLE'S  COLUMBUS  LABORATORIES 

STRUCTimAL  MATERIALS  AND  TRIBOLOGY  SECTION 
STRUCTURAL  FATIGUE  LABORATORY 


Date  of  Teat:  Start 


j/l  aln  7 


End 


2/w/a2 


Hanufacture/Model  of  Fatigue  Teat  Machine:  ^  ^  ^ 


Teat  Temperature: 
Relative  Humidity: 


AT. 


°f 

(t) 


®C) 


Reference  (Croaa)  Streaa  Level  of  FALSTAFF  Spectrum  (SLep  32) 


kal 


Specimen  Identification: 


( 


234. 


HPa) 


/  F.  77 


Specimen  Bending  at  Minimum  Load:  A/ OrJ 

Specimen  Bending  at  RMS  Mean  Load; 

RMS  Mean  Cyclic  Frequency:  /Q,  S 


/.4r 


Number  of  Flighta  to  Initial  Viaible  Crack: 
Site  of  Initial  Viaible  Crack:  C^iO'S- 


X 

X 

Ha 

_ 9.7  97  Flighta 

In.  (  bbb) 


Number  of  Flighta  to  Cataatrophic  Failure:  ^  ^ 


Flighta 


Fatlgue-Crack-Initiation  Site;  f/J 


Deacription  of  Abnormalitiea: 


Sketch 


Deacription  of  Buckling  Reatraint  (If  Uaed): 


^0  HB 


Figure  A9  -DATA  SHEETS  (continued) 
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1. 


2. 


2. 

4. 

5. 

4. 

1. 

5. 
f. 

10. 

11. 

12. 


13. 


14. 

13. 


AIK  rORCE/AFML  -  KETCUT  RESEARCH  SPONSORED 
ACAKO  CRITICALLY  LOADED  HOLE  TECHNOLOGY  PROGRAM 

nSTS  CONDUCTED  BY:  BATTEUE'S  COLUMBUS  LABORATORIES 

mUCTURAL  MATERIALS  AND  TRIBOLOGY  SECTION 
mUCTURAL  FATIGUE  LABORATORY 

D«tc  of  TeaC:  Scare  jilulni -  _ 

KanufacCurc/ModcI  of  Fatlgua  T«it  Machine:  ^ 

Teat  TcaiperaCurc:  ^  ^  ^ _  ®F  ( _ ^  Q _ 

Kalatlvc  Huoiidtcy:  d) 

Rafcrcncc  (Groaa)  Sercaa  Level  of  FALSTAFF  Speccruai  (Seep  32) 


3± 


kal  (  .3  34  <4  MPa) 


Speclaen  Idenclflcaclon:  IF  TS- 


•C) 


Speclnen  Bending  ae  Mlnlmuai  Load:  Ajc^  t 

Spactaen  Bending  aC  RMS  Mean  Load;  f  ,4s _ 1 

IKS  Mean  Cyclic  Frequency:  /  C  >  %  Ha 

Muiber  of  Fllghea  Co  Inlclal  Vlalble  Crack:  _ 3 S~  FllghCa 

Site  of  Inlclal  Vlalble  Crack;  _  0  In.  (  f?.  aa) 


Nunber  of  Fllghea  Co  CacaaCrophlc  Failure:  _ 
FaClgue-Crack-lnlclaclon  Sice:  //Q  f-ioot- 


OeacrlpClon  of  Abnormallclea: 


Skecch 


DeacripClon  of  Buckling  ResCralnc  (If  Uaed): 


Figure  A9  -  DATA  SHEETS  (continued) 
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1. 

2. 


3. 


4. 


3. 

6. 

7. 

I. 

f. 

10. 

11. 

12. 

13. 


14. 

15. 


AIK  rORCE/AFML  -  METCUT  RESEARCH  Sl'ONSORED 
AGAKO  CRITICALLY  LOADED  HOLE  TECHNOLOGY  PROGRAM 

TESTS  CONDUCTED  BY:  BATTELLE'S  COLUMBUS  LABORATORIES 

STRUCTURAL  MATERIALS  AND  TRIBOLOGY  SECTION 
STRUCTURAL  FATIGUE  LABORATORY 

Data  of  Teat:  Start  7~~  ^  O  ~~)~1  ^  ~  I  ~  ~1 _ 

Manufacture /Model  of  Fatigue  Teat  Machine:  /  /7,  T-S  ,  ~2^D  1C  I  P _ 

Teat  Temperature:  ^ _  ®F  ( _ ^  O _  ®C) 

Kalative  Humidity:  _  (X) 

Reference  (Croia)  Streaa  Level  of  FALSTAFF  Spectrum  (Step  32) 

_ kal  (  MPa) 

Specimen  Identification:  j  ~  h  ~  I  O _ 

Specimen  Bendln/,  at  Minimum  Load:  /V^^Wcr  X 

Specimen  Bending  at  RMS  Moan  Load:  /  «  ^  ^ _  X 

RMS  Mean  Cyclic  Frequency:  /  0  •  ^ _ Ht 

Number  of  Fllghta  to  Initial  Vlilble  Crack:  Tllghta 

Site  of  Initial  VlaLble  Crack:  _ (  ■«) 

Number  of  Fllghta  to  Cataatrophlc  Failure:  5  ('4 _ FHghta 

ratlgue<Crack-Inltlatlon  Site;  /a)  /-(oU-  A/t=A(Z.  Hw  hT//(C  ICaJ^S^ 


Deacrlptlon  of  Abnormalltlea: 


Sketch 


Deacrlptlon  of  Buckling  Raatralnt  (If  Uaed):  AJe^ 


Fiejuro  A9  -  DATA  SHKETS  (continued) 
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U) 

W  *  . 


u 


(M  in  o  ^  vo  m  ^ 

•  •••*** 

ooroOroOvDooo 


^  ti  in  -H  -a 

(U  ^  Ji  G  O 

fV  W)  O  .J  M  Q 

&  ^  ^  c:  ^  ^ 

O  J3  ^  rtj  .rl  -H  -H 

U  I?,  U  M  H  N 


£  E 

^  - 

;$  4) 

^^  T) 


Others,  each  total 


TABLE  A2 


MACHINING  CONDITIONS  USED  FOR 
MILLING  THE  SPECIMEN  BLANKS 


Cutter  Diatueter,  in. 
Tool  Material 
Feed,  in. /tooth 
Cutting  Speed,  ft. /min. 
Tool  Wear,  max. 

No.  of  Teeth 
Fluid 


6 

K68  Carbide 
.004 
1200 
.006 
8 

20:1  Soluble  Oil 
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TABLE  A3 


MACHINING  CONDITIONS  USED  FOR 
MILLING  THE  SPECIMEN  CONTOUR 

Cutter  Diameter,  in.  1 

Tool  Material  M2  HSS 

Feed,  in. /tooth  .0014 

Cutting  Speed,  rpm  950 

Tool  Wear  .006 

No.  of  Teeth  6 

Fluid  Dry 
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AGARD  SMP  CRITICALLY  LOADED  HOLE  TECHNOLOGY  SPECIMEN  NUMBER  IDENTIFICATION 


CT'Tfo  roo^r-iTiino 
HHH 


o  ^ 

fo  <-*  ro 
(>4  h  h 


ro  if>  •“<  (M 
00  OMOOr^'-'-^fMfv) 

HHH 


O'  ro 

(VJ  (M  m 

HHH 


«M  rvi  in  00 
U«  Ui  bi  k  Ui  Ci4 


PO  'O 
^  ^ 
HHH 


r-  vO 

ro  nO  o  ^ 
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U4  H  (*4  H  b  H  Pm 


00 

mm  f-Hm^r^r^rsjO'-< 
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TABLE  A 5 


FATIGUE  TEST  RESULTS* 


Specimen 

Number 

Flights  to 
Initial  Crack 

Initial  Crack 
Size,  inch  (mm) 

Flights  to 
Failure 

1F40 

9128 

0.05  (1.27) 

9728 

1F23 

— 

— 

9373 

1F64 

— 

— 

8824 

1F77 

9297 

0.03  (0.76) 

9572 

1F85 

9835 

0.02  (0.51) 

10929 

IFIO 

-- 

— 

8364 

Mean  Life 

9465 

Standard  Deviation 

878 

*  FALSTAFF 

reference  stress 

-  34  ksi  (234.4  MPa). 

TENSILE  TEST  RESULTS 


Specimen 

Number 

Yield  Strength, 
ksi  (MPa) 

Ultimate  Strength, 
ksi  (MPa) 

Elongation,  percent 
(2-inch  gage) 

1T24 

80.79  (557.0) 

84.40  (581.9) 

11.5 

1T30 

80.60  (555.7) 

84.34  (581.5) 

11.5 

1T19 

80.22  (553.1) 

84.15  (580.2) 

11.0 

Average 

80.54  (555.3) 

84.30  (581.2) 

11.33 

Standard 

Deviation 

.29 

.13 

.29 

EVALUATION  OF  TAPERED  BLADE  CUTTER 
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INTRODUCTION 


The  production  of  tapered  holes  is  a  principal  cost  in 
airframe  construction  using  tapered  interference-fit  fasteners. 
A  tapered  blade  cutter  has  been  designed  and  produced  by 
Deutsch  as  a  means  of  producing  a  tapered  hole  in  a  single 
operation.  This  tapered  blade  cutter  represents  a  possible 
approach  toward  producing  interference  fit  fastener  holes  of 
the  required  dimensional  and  metallurgical  quality  at  a 
lower  cost  than  can  be  accomplished  with  currently  used 
tooling. 

This  program  evaluated  a  one-piece  cutter  designed  to  produce 
in  a  single  operation  a  tapered  hole  with  an  integral 
countersink  to  closely  controlled  dimensional  and  quality 
limits.  The  material  used  was  7175-T73511  aluminum  alloy, 

5/16  in.  thick.  The  holes  were  drilled  into  two  panels,  each 
5/16  in.  thick  for  a  total  material  thickness  of  5/8  in. 

This  material  and  fastener  geometry  represented  a  major 
application  for  fasteners  in  the  C-5A  wing  structure  design. 

DISCUSSION 

In  the  drilling  of  tapered  holes,  the  blade  cutter  consistently 
produced  chatter  in  both  the  tapered  portion  and  countersink 
area  of  the  hole.  A  picture  of  this  condition  can  be  seen 
in  Figure  AlO.  The  drilling  conditions  used  to  produce  the 
hole  in  Figure  AlO  were: 

Cutting  Speed:  1800  rpm 
Feed  Rate:  .002  ipr 
Coolant:  Forced  Air,  80  psi 

During  the  testing  phase  of  the  cutter  evaluation,  various 
speeds  and  feeds  were  used.  In  each  case,  the  surface 
produced  was  similar  to  the  surface  shown  in  Figure  AlO. 

Figure  All  shows  a  hole  produced  by  the  drill  and  taper  ream 
procedure  currently  used  for  producing  tapered  holes.  There 
was  no  evidence  of  other  surface  irregularities  using  the 
current  techniques. 

During  the  drilling  tests,  the  tapered  blade  cutter  was 
etched  approximately  every  100  holes  to  remove  build  up  of 
the  aluminum  material.  After  etching,  the  cutter  would 
produce  approximately  five  holes  of  an  acceptable  visual 
surface  condition  (without  chatter) .  Starting  with  hole 
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five  or  six,  the  blade  cutter  would  begin  to  chatter  in  a 
manner  similar  to  Figure  AlO.  After  drilling  and  etching 
400  holes,  the  blade  cutter  was  photographed  both  before  and 
after  etching.  Figure  A- 2  shows  the  blade  cutter  before 
etching  and  Figure  A13  after  the  aluminum  build  up  had  been 
removed.  Metallurgically ,  the  surface  condition  of  the 
holes  produced  with  the  blade  cutter  immediately  prior  to 
etching  did  not  show  a  great  deal  of  distortion  or  deformation. 
Figure  A14  shows  the  metallurgical  condition  of  hole  400 
both  parallel  and  perpendicular  to  the  hole  axis. 

SUMMARY 

Due  to  the  high  degree  of  chatter  produced  during  the  drilling 
operation  with  the  tapered  blade  cutter,  it  is  not  recommended 
for  use  in  a  production  environment.  Because  of  the  acceptable 
nature  of  the  metallographic  examination  as  seen  in  Figure  A14 , 
further  work  should  be  done  in  the  area  of  cutter  geometry 
to  eliminate  the  chatter  condition.  The  holes  produced  seem 
to  be  acceptable  except  for  the  chatter  produced  during 
manufacturing. 
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Tapered  Hole  Surface 


Figure  AlO  -  TYPICAL  SURFACE  CONDITION  PRODUCED 
BY  TAPER  BLADE  CUTTER 
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Tapered  Hole  Surface 


Figure  All  -  TYPICAL  SURFACE  CONDITION  PRODUCED 
BY  STANDARD  TECHNIQUES 


i.gju 


side  View 


Top  View 


PHOTOGRAPHS  OF  BLADE  CUTTER  PRIOR  TO 
ETCHING  SHOWING  BUILDUP 


side  View 


Top  View 


Figure  A13  -  PHOTOGRAPHS  OF  BLADE  CUTTER  AFTER 
ETCHING  OF  BUILDUP 


Perpendicular  to  Hole  Axis 


PHOTOMICROGRAPHS  OF  A  HOLE  PRODUCED 
BY  A  TAPERED  BLADE  CUTTER 
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